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EVALUATION 


This  work  has  established  he  probable  feasibility  of  constructing 
a high-level,  military,  nationwide,  packet  switching,  optical  communication 
network  of  multi-megabit  per  second  capacity.  The  fiber  optic  transmission 
capability  has,  within  the  past  year,  been  publicly  shown  to  be  possible  by 
installed  experimental  links  of  multimode  fibers.  When  that  capability  is 
combined  with  the  modest  sized,  multimode,  optical-switching  matrices  which 
can  very  reasonably  be  extrapolated  from  this  work,  such  a network's  feasi- 
bility is  quite  clear. 

The  switching  ratios  achieved  in  this  work  are  sufficient  for  digital 
switching.  They  are,  however,  not  sufficient  for  either  an  analogue  network 
or  a mixed  red-black  network.  However,  the  fact  that  all  optical  crossover 
implementations  tried  during  the  course  of  the  work  had  similar  crosstalk 
leads  us  to  surmise  that  much  of  the  crosstalk  was  from  input-surface  to 
output-surface  double  scattering  and  could  be  eliminated. 

The  principle  of  guiding  light  within  undisturbed  electro-optic  crystal 
slabs  by  reducing  the  refractive  index  electro-optically  at  the  boundaries  of 
the  guide  is  a major  advance  which  has  been  reduced  to  practice  in  this  work. 
It  will  permit  the  use  of  dopants  outside  the  light  paths  in  order  to  reduce 
the  crosstalk  by  absorbing  scattered  light,  as  is  pointed  out  in  the  con- 
clusions. It  is  also  clear  that  similarly  doped  areas  could  be  temporarily 
included  within  the  shunt  path  of  a compound  crosspoint  in  order  to  make 
a very  high  switching  ratio  in  the  shunt  path,  thereby  relieving  the  stringent 
cutoff  requirement  of  the  present  crosspoint  designs  and  introducing  the 


IX 


possibility  of  using  reflection  switching  with  its  lower  losses  while  over- 
coming the  poorer  crosstalk  charcter ist ics  of  the  reflection  switch. 


Thus,  the  original  design  goals  of  a red-black-network  compatible  matrix 
might  still  be  met  with  relatively  little  additional  work. 

M(\RK  W.  LEVI 

Initiating  Project  Engineer 

RICHARD  C.  BENOIT,  JR 
Project  Engineer 
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Section  1 


INTKODUnjON 


The  goals  of  this  contract  ar(>  stated  very  well  in  the  original  KAIK 
Work  Statement  which  is  reprinted  here.  The  Work  St8t(;ment  also  defines  many 
of  the  terms  that  are  used  throughout  this  Final  Report. 


OBJI'CTIVl' 

This  twelve  month  effort  is  intended  to  prove  tlie  feasibility 
of  an  optical  crosspoint  which  will  Itave  an  acceptably  low 
transmission  attenuation  combined  with  a sufficiently  high 
crosstalk  attenuation  to  be  compatible  with  the  crosstalk  level 
which  can  be  achieved  in  an  optical  fiber  transmission  medium. 
Such  a demonstration  is  needed  to  satisfy  possible  requirements 
for  tiandling  ijoth  "red"  and  "black"  information  in  a common 
switching  matrix. 


DFFINiTlONS 

An  "optical  crosspoint"  is  a device,  single  or  compound,  which 
can  be  located  at  the  intersection  of  two  optical  waveguides 
and  is  capable  of  causing  the  interchange  of  the  signals  in  the 
guides  in  response  to  an  externally  applied  signal  iwhich  may  or 
may  not  be  optical).  This  is  knoivn  as  a four  port  switcli  in 
electromagnetic  terminology,  but  that  terminology  would  be  con- 
fusing in  a communications  environment  where  the  word  "switch" 
has  a specialized  connotation. 

A "matrix"  is  an  array  of  crosspoints  (not  necessarily  square) 
whicli  are  interconnect(!d  so  as  to  have  a multiplicity  of  inputs 
and  a numl)er  of  outputs,  based  upon  a given  blocking  probability. 

"Red  and  black  information"  are  respectively  information  which 
is  classifii’d  or  unclassified  eittier  in  content  or  destination. 

A "passive  crossover"  is  a planar  or  pseudo-planar  crossover  of 
optical  channels  which  has  no  active  elements. 

SCOFF 

The  scope  of  the  i.-ffort  shall  be  to  demonstrate  a single  optical 
crosspoint  in  a form  suitable  to  integration  into  a matrix  of 
modest  size,  and  wliose  crosstalk  and  attenuation  are  such  as  to 
satisfy  the  objectives  above.  ITie  products  shall  l)e  an  experi- 
mental model,  tests  of  the  model,  and  a report  documenting  ttie 
work  and  results  of  tlie  tests.  Sinci'  previous  work  lias  shown  a 
high  theoretical  proliability  that  the  objectives  cannot  be  met 


I 


with  :i  siiiijilf'  crosspo  i tit , the  scope  of  tiiis  work  stiall  include 
;t  compound  crosspoinl  inti  sliall  not  extend  to  ;i  matrix  of 
siicli  compounti  cross|)oints . Ttie  control  of  sucli  a matrix  is 
also  outside  the  scope  of  this  effort  other  than  insuring  that 
excessive  control  powers  or  voltages  or  currents  are  not  needed, 
and  that  stray  fields  from  controlling  one  crosspoint  shall  not 
adversely  affect  others.  A simple  crosspoint  is  niH'ded  by 
itself  to  provide  data  on  what  should  be  expected  of  a compound 
crosspoint . 

liACKtJKOlJNl) 

A preceiling  study  titled  "Optical  Switch  Study"  whose  results 
are  documented  in  Al)  n007009  of  the  same  titlt?  has  established 
I many  characteristics  which  must  be  met  by  an  optical  crosspoint 

i if  it  is  to  be  used  in  a matrix  carrying  both  red  and  black 

i information.  Thus  study  was  based  on  the  jiremise  of  informa- 

1 tion  transmission  via  o[)tical  fibers.  Some  of  the  characteristics 

I are  needed  so  that  attenuation  Ihrougli  the  matrix  will  not  be 

! excessive  (e.g.,  10  dl5).  Others  are  needed  so  that  crosstalk 

I will  be  minimized  (e.g.,  -BO  dB) . In  the  past,  much  has  been 

I sail!  about  the  possibility  of  putting  red  and  black  traffic 

^ through  common  eguipment  . As  a practical  matter,  however,  it 

was  found  iitifiossible  to  do  so  as  a result  of  the  large  crosstalk 
which  was  caused  by  common  grounding  and  coupling  problems  both 
in  the  electrical  transmission  media  and  in  the  junctures  with 
switching  equipment.  The  advent  of  optical  transmission  media 
has  shown  a possible  way  around  those  difficulties  so  that  such 
common  hardware  can  be  considered  in  a more  plausible  ligiit.  It 
was  found  that  the  physical  mechanisms  which  might  be  used  to 
implement  a crosspoint  are  such  that  the  crosstalk  from  a single 
stage  would  be  excessive;  consequently  a topology  was  devised  in 
which  two  simple  crosspoints  and  a passive  crossover  could  be 
combined  to  give  a complex  crosspoint  having  the  requisite  pro- 
perties in  a planar  integrable  fashion. 

TASKS 

The  contractor  shall  provide  all  engineering  services,  materials 
and  facilities  for  the  design,  fabrication  and  test  of  the  struc- 
tures specified  below. 

I’assive  Oossover.  A passive  crossover  shall  he  designed, 
fabricated  and  tested.  The  design  goals  shall  be 

Scattering  from  one  channel  of  the  crossover  to  the  second  channel 
should  be  at  least  00  dB  down  from  the  level  in  the  first  channel. 
Output  coupling  losses  from  the  second  channel  arc  not  to  be 
considered  as  part  of  the  00  dB.  i'he  crossover  should  satisfy 
this  goal  independently  of  whicli  channel  is  chosen  ns  the  "first 
channel 


The  passive  crossover  tJesign  shall  he  such  as  to  be  readily 
integrable  into  the  switch  designs. 


Simple  Crosspoint.  A simple  optical  crosspoint  shall  be 
designed,  constructed  and  tested.  Design  goals  shall  be: 

A switching  ratio  at  least  40  dli  over  a 1/10000  fractional 
bandwidth.  This  ratio  is  not  to  include  input  or  output 
coupling  losses. 

A transmission  loss  in  the  unswitched  state  better  than 
0.5  dB . This  low  an  attenuation  is  needed  in  order  to 
prevent  excessive  attenuation  in  a matrix  configuration. 
Input  and  output  coupling  losses  are  tiot  to  be  included  in 
the  transmission  loss  since  neither  loss  will  appear  more 
than  once  when  crosspoints  are  later  made  into  a matrix, 
nor  will  the  coupling  methods  necessarily  remain  the  same 
in  a larger  configuration  to  be  pursued  later. 

A transmission  loss  in  the  switched  state  better  than 
5.0  dB . This  parameter  is  not  so  critical  as  the  unswitched 
loss  since  a signal  traversing  a matrix  could  see  only  one 
such  loss. 

A switching  time  of  less  than  100  nanoseconds  to  attain 
the  off  channel  attenuation  within  3 dB  (reference  level  to 
be  the  steady-state  off  channel  attenuation). 


Compound  Crosspoint.  A compound  optical  crosspoint  shall 
be  designed,  constructed  and  tested.  The  design  goals  are 
the  same  as  those  for  the  simple  crosspoint  except  for  the 
switching  ratio  which  should  be  at  least  80  dB  and  shall  be 
within  5 dB  of  twice  the  switching  ratio  achieved  during  the 
simple  crosspoint  task. 


All  measurements  and  designs  may  be  taken  at  any  suitable 
wavelength  provided  that  suitable  allowances  and  extrapola- 
tions are  made  to  a free  space  wavelength  of  one  micrometer. 
This  wavelength  is  chosen  as  a representative  wavelength  for 
transmission  over  optical  fiber  media. 

The  tasks  may  be  combined  to  the  extent  that  the  separate 
structures  may  be  combined  on  one  or  two  substrates  rather 
than  on  individual  substrates.  This  is  permitted  since  a 
prime  goal  is  integrabil i ty  . 
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integration  into  an  optical  crossbar,  that  is,  a network  control  switch  for 
a multimode  fiber-optic  communication  system.  These  active  devices  also 
have  oth(;r  fiber-optic  applications  such  as  access  coupling  and  optical 
mu  1 1 iplexing  . 

Karly  in  the  contract,  an  all-electro-optic  approach  was  selected 
as  the  optimum  means  of  meeting  the  HADC  goals.  Then,  tiie  fiber-compatible 
electro-optic  technology  was  applied  step-by-step  to  devices  of  increasing 
complexity,  starting  with  channel  crossings  and  going  on  to  sub-components 
of  the  compound  switch.  In  the  final  (juarter  of  the  contract,  two  versions 
of  a high-isolation  four-port  crosspoint  were  demonstrated. 

This  report  begins  with  a background  discussion  of  matrix  require- 
ments (Sec.  2)  to  set  the  stage  for  the  switching  research  that  follows. 
Section  3 compares  two  competing  technologies  for  crosspoint  switching  and 
presents  the  criteria  used  to  select  the  optimum  approach  (elec t ro-op t ic ) . 
Complete  specifications  for  fabricating  el ect ro-op l ical  devices  are  given 
in  Sec.  4. 

The  next  four  Sections  pr(‘sent  results  on  device  performance. 
Section  5 describes  crosstalk  measurements  on  passive  crossovers.  Simple 
crosspoint  performance  is  detailed  in  Sec.  ().  lixper  imental  results  on  two 
versions  of  the  compound  crosspoint  are  given  in  Secs.  7 and  H.  Section  9 
describes  a novel  crosspoint  wliose  switched  transmission  is  comparable  to 
the  compound  crosspoint,  but  in  a shorter  length. 

Our  research  and  development  work  is  summarized  in  Sec.  10.  Con- 
clusions drawn  from  the  results  and  impl irat ions  for  matrix) ng  are  discussed 
in  Sec.  11.  Kecommendations  for  further  tvork  are  given  in  Sec.  12. 


Section  2 


OPTICAL  MATRIX  KCgUI HLMLNTS 

Because  the  long-range  goal  of  the  contract  is  matrixing,  we  wish  to 
review  matrix  requirements  and  properties  before  going  into  device  specifics. 
This  section  describes  the  nature  of  matrix  switches,  defines  switching 
terminology,  describes  the  matrix  layout,  and  presents  recent  refinements  in 
calculations  of  the  matrix  signal-to-crosstalk  ratio. 

2.1  COMPOUND  CROSSPOINTS 

In  a 1975  paper  (Appendix  A of  this  report),  we  pointed  out  the  signal- 
to-crosstalk  enhancement  produced  by  a "tandem"  or  compound  crosspoint . The 
layout  of  this  optical  switch  is  shown  in  Fig.  1,  where  the  circles  re()resent 
simple  crosspoints  and  the  solid  lines  denote  optical  signal  paths  (3- 
dimensional  waveguides). 

2.2  TAPOFF  SWITCHING 

All  the  crosspoints  developed  under  the  present  contract,  compound  and 
simple,  are  intended  for  a specific  kind  of  matrix  — the  terminated 
crossbar  — rather  than  the  permutation  matrix.  The  reason  is  that  the 
crosspoints  are  optical  tapoff  switches  rather  than  "all -or-none"  switches. 
Appendix  B of  this  report  shows  how  tapoff  switches  are  sufficient  for  a 
crossbar . 

Tapoff  devices  have  a "leaky  bar"  state  in  addition  to  their  "perfect 
cross"  state.  In  the  leaky  bar  state,  about  10  to  50%  of  the  input  signal  is 
transferred  (tapped  off)  into  the  crossguide  rather  than  100%  as  in  an 
idealized  switch.  The  permutation  matrices  that  other  authors  have  discussed 
require  "perfection"  in  both  the  bar  and  cross  states,  which  is  a more 
stringent  requirement  than  faced  here. 

2.3  TKRMINOLOGY 

The  latter  sections  of  this  report  make  use  of  the  switching  terms 
"optical  tapoff  ratio",  "switching  ratio"  and  "throughput  loss".  Let  us 
specify  now  exactly  what  we  mean  by  these  terms.  "Co  do  this,  we  examine  the 
two  output  ports  of  a crosspoint  (calleii  the  "first  and  second  channels") 
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FIG.  1 Model  of  compound  crosspoint  including  cross-scattering  and 
radiation  from  connecting  guide. 
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and  we  observe  how  the  transmitted  optical  intensity  varies  with  the  magni- 
tude of  the  control  voltage.  A schematic  representation  of  lioth  crosspoint 
outputs  is  shown  in  F’ig.  2,  where  the  switching  voltages  corresponding  to  the 
cross  and  bar  states  have  been  labeled  on  the  abscissa. 

The  first-channel  emission  is  lower  than  the  optical  input  level.  We 
define  the  optical  throughput  loss  (switched  or  unswitched)  as  tin?  difference 
between  the  input  and  this  channel  output  in  the  cross  or  bar  states, 
respectively,  as  shown.  The  tapoff  ratio  is  the  cross  channel  output  in  the 
bar  state,  divided  by  the  first  channel  output  in  the  cross  state.  The 
optical  switching  ratio,  also  known  as  the  signal -to-crosstalk  ratio,  is 
simply  the  crosschannel  output  in  the  bar  state,  divided  by  the  crosschannel 
output  in  the  cross  state. 

2.4  MATRIX  LAYOUT 

We  examined  the  properties  of  the  terminated  optical  crossbar  in  a 
recent  paper  (Appendix  B) . The  length,  width,  signal -to-crossta Ik  ratio,  and 
insertion  loss  were  calculated.  The  crossbar  layout  ivn s given  symbolically 
in  Fig.  2A  of  that  paper.  From  that  figure  and  from  Fig,  1 above,  we  arrive 
at  a preliminary  design  for  a matrix  of  compound  crosspoints.  The  layout 
(top  view)  is  shown  schematically  in  Fig.  3,  including  the  input  and  output 
fiber  coupling.  Termination  of  the  matrix  ends  is  discussed  in  .Sec.  11 
below,  [f  we  define  as  the  length  of  the  compound  crosspoint,  and  W^^ 
as  its  width,  then  the  length  of  the  N x N crossbar  is  (2N-1)L^^  and  its 
width  is  (2N-1)W 

cc 

2.5  IMPliOVFlJ  CROSSPOINT  MODEL 

Our  previous  compound  crosspoint  model  (Appendix  B)  did  not  include  the 
effect  of  optical  scattering  at  the  channel  crossing  (which  exists  inside  the 
crosspoint),  nor  the  effect  of  optical  leakage  from  the  curved  channel  con- 
necting the  simple  crosspoints.  Accordingly,  we  now  refine  this  model  to 
include  these  effects  as  shown  in  Fig  1,  where  is  the  fractional  cross- 
talk of  the  waveguide  crossover,  and  is  the  fractional  leakage  out  of  the 
curved  guide.  (Recall  that  is  the  cross  state  leakage  and  the  bar 
state  leakage.)  The  channel-to-channel  scattering,  z^  and  the  guided-to- 
unguided  scattering  are  present  in  both  th(>  cross  and  bar  states  of  the 
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FIG.  2 Representation  of  four-port  device  showing  definitions  of  optical 
switching  terms. 
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crosspoinl . 

In  the  approximation  e ^''1,  we  t'ind  that  i!i<  crosstalk  of  the  com- 

a 

pound  device  in  its  cross  state  is  approximately  ‘"-re  and  that  the  siynal 

cl  C r) 

transmission  throuyli  the  compound  device  in  its  har  state  is  ( 1 — 1 ) . 

Hence,  ttie  signal-to-crosstalk  ratio  for  a compound  crosspoint  is: 


S/Ci 


cc 


(1-',  )"(l-c  ,)/(€  ~H 
1)  d a 


For  an  N X N matrix  of  such  compound  cross()oints,  the  lowest  value  of  signal- 
to-crosstalk  at  any  matrix  output  port  is; 


worst-case 


ma  t r i X 


(l-e,.)"(l-€  ,)/(N-l  )(<:  “-k:  ) 
b d a c 


Light  goes  only  once  through  a bar  state  in  the  matrix  because  ''  out  of 

2 

N“  compound  crosspoints  are  addressed  at  any  instant  of  time  (one  per  row  and 

one  per  column).  Depending  upon  which  path  an  optical  signal  traverses,  it 

passes  through  a different  number  of  unaddressed  switches  (zero  to  \-l  cross 

states).  Thus,  the  insertion  loss  of  the  N x matrix  is  bracketed  between 

1 - t(l-e.  )^(l-e  )j  and  1 - ;(l-e  )^(l-€  )(l-€  ^},  not  including  the  in/out 

b d b d z 

coupling  losses.  These  insertion  losses  are  nearly  the  same  since  1. 

The  foregoing  results  on  matrix  S/C  and  on  throughput  loss  emphasize 

9 

the  need  for  minimizing  crosstalk  from  the  passive  crossover  (making  e « e ") 
and  for  minimizing  propagation  loss  in  the  connecting  guide  (making  0) . 

2.6  TIIK  "COMPOUND  COMPOUND"  CROSSPOINT 

The  question  has  been  raised  as  to  whether  a "compound  compound"  cross- 
point  would  offer  any  crosstalk  benefits  in  practice.  What  would  this  four- 
fold device  look  like?  To  visualize  it,  replace  the  simple  crosspoints  in 
Fig.  1 with  compound  crosspoints. 

If  the  cross-scattering  was  already  "bothersome"  for  the  compound  cross- 

2 

point  (e^  comparable  to  eg””),  then  it  is  clear  from  Fig.  1 that  crosstalk- 
will  be  equally  annoying  in  tiie  co''pound-compound  case  because  the  crosstalk 

9 9 2 

component  will  now  be  £ + (c  " + c )"  rather  than  e -(  £ . Thus,  the 
tandem-tandem  switch  will  no t give  a practical  improvement  if  is  the 
limiting  factor. 
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2.7  U\KGt;  CUOSSOVEK  ANGLES 


There  is  incentive  to  make  tire  anyle  hrrUveen  crossed  yuides  large  in 
Kig.  3 because  the  optical  isolation  between  channels  is  greair'st  when  the 
angle  approaches  90^\  Then  the  matrix  has  a square,  or  nearly  s()uare, 
layout;  so  the  90°  case  offers  a savings  in  "real  estate"  because  the  matrix 
now  has  a length  of  compared  with  (2N-1)L^^,  nearly  a 50%  reduction, 

alllrough  the  matrix  is  now  wider,  cornfrared  with  (2N-1)W^^. 

Unfortunately,  to  realize  the  length  savings,  it  is  necessary  to  put  a 
90°  bend  in  the  connecting  guide  (Fig.  1).  Due  to  space  limitations,  this 
is  usually  not  permissible  in  practice  because  the  bend  radius  must  be 
greater  than  10  cm  to  avoid  radiation  loss.  Conceptually,  one  could  use 
straight  connecting  guides  and  miniature  specular  reflectors  to  redirect 
optical  signals  through  large  angles.  But  it  is  not  clear  how  such  mirrors 
would  be  "sculptured"  into  the  crystalline  substrate,  so  the  ‘X)°  layout  is 
probably  not  feasible  for  compound  crosspoints. 
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Section  S 


( IIOICI-:  Of  APl'KOAfil 

Two  approaciies  to  o(>tical  waveijuidiny  anti  switctiinf)  were  investigated 
during  the  first  two  monttis  of  the  contract.  The  approacii  judged  superior 
was  then  pursued  in  tiie  remaining  ten  months, 

d.l  TUfKMAL  DIFFUSION  AIT’HOACII 

Some  preliminary  experiments  on  ionic  doping  of  LiNbO.^  in  late  107;'  and 
early  1970  led  us  to  believe  tliat  the  tiiermal  diffusion  apjtroacii  was  prom- 
ising for  meeting  the  present  contract  requirements.  We  succeeded  in  diffus- 
ing deep  multimode  optical  cliannels.  Three-dimensional  guides  like  this  had 
not  been  reported  previously.  In  Feliruary  and  March  1976,  we  applied  our 
diffusion  technology  to  waveguide  crossovers  and  constructed  both  in-plane 
and  out-of-plane  channel  crossings  as  illustrated  in  Fig.  4. 

[n  both  instances,  we  started  with  a 3/4"  x .T/H"  x ll-mil-thick  Z-cut 
plate  of  LiNbO,^  that  had  been  optically  polished  on  all  six  faces.  To 
delineate  optical  channels,  copper  strips,  2 mils  wide  and  920  A thick,  were 
evaporated  in  vacuum  on  the  crystal  surface.  For  the  device  in  Fig.  4A,  the 
strips  crossed  on  the  top  surface  at  0.3”,  whereas,  in  the  Fig.  4B  device, 
tfiere  was  one  strip  on  the  top  and  one  on  the  bottom  surface,  again  at  a ;'.3° 
angle  with  respect  to  each  other,  but  out-of-plane . ihe  crystals  were  then 
placed  in  a furnace  in  a flowing  oxygen  ambient.  The  furnace  was  heated  to 
900*^  and  held  at  that  temperature  for  2()  min.  Conversion  of  metallic  Cu  to 
CuO  occurred,  and  Cu  ions  were  driven  into  the  lattice  more  than  ;T0  j.m 
beneath  the  surface.  The  copper-doped  regions  had  a higher  refractive  index 
than  their  surroundings. 

Using  a Mach-Zehnder  interferometer,  the  crossover  plates  were  examined 
along  (and  perpendicular  to)  the  channel  axes.  From  the  interference  patterns 
it  was  concluded  that  the  higher-index  regions  wer*'  hal f-cy 1 i ndr i cal  in  shape, 
approximately  3 mils  deep,  with  a maximum  index  shift  of  about  1 x jq 

With  the  apparatus  discussed  in  Sec.  3.4,  we  found  that  the  optical 
signa 1 -to-cross tal k ratio  of  the  in-plane  diffuseci  crossover  was  about  40  dB 
with  the  input  light  polarized  normal  to  the  Z axis  (Tl,  modes),  and  tlu’  mii- 
of-plane  crossover  had  a si  gnal  - to-c  rosstal  k ratio  of  aliout  .'lO  dB  under 
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11  mil  PLATE 


OUT  OF  PLANE 
DIFFUSED 
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FIG.  4 Two  types  of  multimode  waveguide  crossovers  constructed  by  thermal 

diffusion  of  Cu’^’*' into  LiNb03!  (a)  planar  intersection;  (b)  out-of-plane 
crossing. 
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similar  conditions.  Tlio  men  surcim'iit  apparntus  picked  n[)  litjtit  from  a d-niil- 
diameter  la'yion  of  the  crystal  end.  Since  liie  crystal  was  370%  tliicker  than 
the  collection  piif)il,  Uie  siynal-to-crosstal  k ratio  may  have  i)een  over- 
estimated . 

Prospective  switehiny  tecliniyues  wer(>  devised  for  thermally  liiffusfnl 
ctianncls,  includiny  both  in-plane  and  out-of-plane  crosspoints.  The  idea 
was  to  arranye  two  iloped  channels  parallel  to  one  another,  about  25  -m  ajjart 
over  a 1 .0  cm  lenyth,  and  to  alter  tlie  interchannel  index  profile  with 
ap|)lied  electric  fields  from  parallel-stri()e  electrodes  (usually  situated  on 
one  crystal-surface).  Witii  the  field  off,  the  diffused  index  distribution  of 
the  channels  would  overlap  sliyhtly,  but  there  would  lie  a lower-index  valley 
or  barrier  between  tliem,  isolating  the  ciiannels.  For  switchiny,  the  applied 
electric  field  distribution  raises  and  I'lattens  tliis  valley  (eliminatiny  it) 
therel)y  permittiny  multimode  coupling  (energy  transfer)  between  channels. 

3.2  I'LlXTKO-OPTir  AlT’KOACll 

Fxperiments  on  electro-optic  channeling  were  also  performed  Imfore  tiie 
beginning  o'  the  contract,  and  were  extended  to  waveguide  crossovers  during 
February  and  March  197(i.  Tliis  techni<|ue  required  thinner  crystal  plates  than 
diffu.,ion.  The  crystals  were  pure  (undoped)  and  perfectly  uniform  (including 
a complete  poling)  in  the  absence  of  applied  fields. 

Although  side-))y-side  electrodes  on  one  surface  are  possible  for  ctiannel- 
ing  as  first  demonstrateii  by  Channin  (hef.  1),  we  preferred  instead  a top-to- 
bottom  geometry  for  the  electrodes.  Here  the  electric  field  strength  is  more 
uniform  ivithin  the  crystal  and  the  channels  are  more  nearly  circular  in 
cross-section,  which  facilitates  efficient  coupling  to  multimode  fibers. 

We  investigated  two  kinds  of  electro-optic  waveguiiles  shown  in  Fiy.  5. 

The  first  kind,  or  dipolar  channel,  uses  one  pair  of  electrode  stripes.  It 
is  illustrated  at  the  left.  Tliere,  the  input  light  is  channeled  directly 
between  the  stripes.  As  is  shown  in  the  crystal's  refractive  index  profile 
(lower  left  diagram),  the  voltage  is  applied  wilh  a polarity  that  opposes  the 
erystal's  spontaneous  polarization,  which  si'rves  to  increase  the  crystal  i in 
locally  (f-n^)  as  shown. 
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FIG.  5 Dipolar  and  quadripolar  electrooptic  channels  with  associated  index 
profiles;  (a)  guiding  under  stripe  electrodes;  (b)  guiding  between 
stripe-pairs. 


The  socond  type  of  i*l  t‘c  t ro-op  I i c channel,  whicti  we  call  ''(|uai|ripolar", 
is  illustrated  at  the  ripht  (I'itj.  fiB).  'two  paiis  of  stripe  electrodes  are 
employed.  The  voltape  polarity  is  ihe  reverse  of  ihal  in  lip.  ;'A . Itvo  lower- 
index  "tuhes”  are  formed,  corresfiond  i n<(  to  the  troughs  in  the  index"  profile 
(lower  right  diagram).  Thtese  tiihtes  tend  to  expel  liglit.  Light  is  guided 
between  tlu>  pairs  of  stripes  as  shown  at  the  higher-index  "hump"  labeled  . 
Generally  speaking,  the  lower-index  tube  is  a wall  or  barrier  that  reflects 
multimode  light  over  a range  of  angles  at  grazing  incidiotcc'. 

Light  in  Kig.  all  does  not  travel  directly  under  the  metallic  areas  as  in 
the  two-stripe  channel  of  Kig.  fiA . This  is  advantagi'ous  for  two  reasons: 

1)  the  optical  attenuation  is  lowi-r  in  non-metal -cl  ad  regions  and  2 1 the 
quadripole  midregion  is,  for  the  most  part,  free  from  electric  fields  which 
help  minimize  optical  damage  effects  that  may  arise. 

In  practice,  it  was  not  necessary  to  interpose  a thin  lower-index 
dielectric  cladding  layer  between  the  metal  and  the  crystal  because  the  metal 
cladding  loss  was  comparatively  small.  Dr.  A.  K.  Nelson  of  our  lal)oratory 
had  previously  found  that  aluminum  and  chromium  had  liigher  losses  than  silver 
and  gold,  but  that  the  optical  attenuation  was  small  in  arn  case. 

An  op()Osetl-st  ri  pe  modulator  like  that  in  Fig.  ,TA  was  first  reporteil  by 
Nelson  et  al  (Ref.  2).  Drawing  upon  that  work,  we  built  low-loss  end-coupled 
channels  of  both  kinds  as  per  Fig.  5.  The  crystal  plate  thickness  was  chosen 
to  match  the  core  diameter  of  available  multimode  fibers  (2  to  3 mils). 

The  operation  of  a four-stripe  electro-optic  channel  is  shown  in  the 
photographs  of  Fig.  6,  near-field  views  of  the  waveguide  output  end.  In  the 
upper  two  photographs,  parallel  light  "flooded"  the  channel  and  adjacent 
areas  at  the  input.  Focused  input  light  was  used  in  the  lower  tivo  photo- 
graphs, the  focal  spot  being  contained  com[)letely  within  the  quadripole  mid- 
region.  The  second  and  fourth  photographs  show  how  light  becomes  trapped  as 
the  applied  voltage  is  raised  to  4.T0  V dc  . Tlu'  liglit  was  well -conf  i ned  , 

Crosspoint  switching  in  the  el ec t ro-op t i c case  i-elies  upon  a controllable 
lower-index  barrier  in  the  crystal,  about  2.'i  m wide,  betwein  locally  parallel 
electro-optic  channels.  Sinci'  this  harrier  is  induced  by  voltage  appl  ieil  to 
top-and-bottom  strijies,  its  height  ran  easily  be  altered  (or  it  can  be 
el imi na ted Iby  altering  the  afiplied  collage  magnitude  and/or  polariti. 
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'I'lu'ii  llu'  oliannt'ls  will  t'usc  locally  aiiil  will  slian-  otnical  power. 
:i.:i  I’Ul  l'l-.HHI-l)  Al'l’KOACll 


Wo  i'oni[iaro(l  tlio  1 liorma  1 -d  i I' fii  s i oti  and  ol  or  t ro -o()  t i<’  approachos  on  a nnmlior 
ol'  I'oints,  and  did  I'nrttii'r  oxpor  iiiiotit  s wtioro  tiocossa  ry , to  decide  wliicli  was 
best.  I’erhaps  I lie  most  crucial  findiruj  w:^>tliat  t lie  ofitieal  attenuation  of 
niiiltiniode  copper-doped  channels  was  tipproxiiiia  tely  - d!t  cm  at  a doiiiiuj  level 
tlitit  i(ave  .ailmaxl  1 ^ 10  , a far  lar(|er  propagation  loss  than  in  t he 
e 1 ec  t ro -op  t i c ca  se  . 

The  results  of  invest iyat inp  the  relative  merits  of  the  two  te(hni(|ues  are 
summarized  in  fable  1 below. 

for  all  of  the  reasons  cited  in  the  above  table,  we  comlude  that  the 
electro-optic  method  is  the  preferred  ap()ioach.  We  therefore  pursued  the 
el  ec  t ro -o|)  t i c approach  for  the  rimiaindcr  of  the  contract,  even  thouyh  yreater 
emphasis  had  been  [ilaced  oriyinally  on  the  diffusion  methoil. 

b.l  I’ASSIVK  WAVKGl hum; 

As  a final  comiiu'iit  on  electro-optic  channeling,  we  wish  t<i  ilescribe  a 
passive  effect  that  was  found  in  such  di'vices.  In  oui-  devices,  metal  elec- 
trodes are  evaporated  directly  on  the  clean  crystal  surface  without  inter- 
vening dielectric  layers.  A.  R.  Nelson  discovered  that  these  metal  overlays  on 
undoped  LiTaO.^  and  LiNbO.^  crystals  can  [iroduce  stromi  refractive  index  shifts. 
This  passive  effect  was  explored  briefly  by  Nelson  and  the  author. 

ITider  a polarizing  mi c roscope , it  was  seen  that  the  index  perturbation 
extended  10  to  TO  .jii  into  the  crystal.  The  shift  was  localized  under  the 
metal  stripe  but  also  extended  laterally,  reminiscent  of  diffusion,  about 
one-half  depth  on  either  side  of  the  stripe  in  a sem  i -c v 1 i nd r i ca 1 region. 

This  effect  was  found  in  V-cut  and  /,-cul  plates. 

When  two  metal  overlays  faced  each  other  on  oigiosite  sides  of  a T-mil 
plate,  the  net  effect  was  to  have  an  i ndex -sh  i f t ed  T-m  i 1 -ti  i i|h  "vane"  or  wall 
extending  through  the  crystal.  Sign i f icaiitly , the  crystal's  refractive  index 
always  decreased  under  the  mettil  overlay,  making  the  vani  reflective  to 
grazing  rays.  i'W'o  such  walls  make  a passive  clumnel  wavegiiidi  . 

The  origin  of  this  effect  is  not  understood  at  present  Speculations 
about  its  cause  include  ionic  migration  in  the  crystiil,  and  oxydat  i on-i  ediic  t ion 
react  ions  . 
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The  correlation  hetween  the  magni  tudi-  of  the  effect  and  the  |)hysical 
preparation  of  the  sample  is  also  not  well  understood  althougti,  in  preparing 
dozens  of  samples,  we  found  that  the  final  heating  of  the  sample  during  proc- 
essing was  important.  There  is  fragmentary  empirical  evidence  to  indicate 
that  the  passive  effect  is  described  by  a belJ-shaped  curve  extending  from 
room  temperature  to  'J(K)*^C , as  illustrated  in  Fig.  7.  The  temperature  in  this 
graph  ref(>rs  to  ttie  crystal's  last  iieating  for  1 to  3 minutes,  performed  when 
the  glass  sandwich  is  completed  (Sec.  'l.fi). 

Another  important  aspect  of  ti)e  passive  effect  is  that  it  fades  with 
time,  which  is  an  important  conseguence  for  device  performance  and  reproduci- 
bility. Initially,  the  waveguiiling  may  l)e  e(|uivalent  to  s(‘Veral  hundred 
volts  (dc)  applied.  Aftei-  two  days,  the  effect  will  b<‘  down  several  dll  and, 
after  two  weeks,  the  effect  has  usually  faded  to  zero  or  to  a small  residual 
va lue  . 
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FIG.  7 Estimated  behavior  of  passive  channeling  effect. 
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D’-VICI-;  FA({HICATIOI\  I’KOC^FIX'KK 

After  some  initial  trials,  we  developetj  the  followiny  steps  to  make  the 
electro-optic  switches. 

4.1  INITlAl,  CLI'AN-l'l-  OF  CKYSTAI. 

The  L!.r>-mil  ultrapure  LiTaO.^  plate,  opticaJly  polished  on  both  larye 
faces,  was  received  from  Crystal  Technoloyy  Inc.,  Mountain  View,  California, 
In  shipment,  the  plate  was  ylued  to  a 3"  x 1"  x l/l6"  ylass  microscope  slide 
with  paraffin  wax.  liefore  attemptiny  to  clean  or  work  the  crystal,  the  crys- 
tal and  ylass  slide  must  l)e  heated  to  1 L’0”c  and  any  air  bubt)lf.-s  in  the  par- 
affin under  the  crystal  must  be  squeezed  out  t)y  yently  pressiny  on  the  crys- 
tal with  the  wooden  etui  of  a cotton  swat).  Care  must  be  taken  at  all  time-s 
during  fabrication  not  to  subject  the  crystal  to  sudden  temp(‘rature  changes. 

After  a slow  cool-down  of  the  sample,  the  expose(i  crystal  surface  is 
cleaned.  Place  the  sample  in  a I'etri  dish  fill«!d  with  acetone  and  allow  to 
soak  for  30  sec.  Slight  agitation  by  hand  will  aid  in  washing  away  excess 
paraffin.  Using  an  acetone-soaked  cotton  swab,  gently  wash  away  remaining 
paraffin.  This  will  take  several  swabs.  There  should  be  no  visible  streaks 
on  the  crystal.  Some  undercutting  of  crystal  may  re’sult.  If  so,  reheat 
sample  to  12oV  to  re-flow  wax  out  to  crystal  edges;  then  cool  slowly. 

Place  sample  in  a beaker  of  Micro  detergent  solution  (one  tablespoon, 
plus  400  ml  l)I  filtered  water).  Agitate  sample  by  hand  for  30  sec  to  remove 
ionic  contaminants  on  crystal.  Uinse  thoroughly  with  running  filterial  water 
(Oarnstead  ultrapure)  and  blow  dry  with  filtered  air  (4  micron  filter), 

4.2  PIIOTOLITIIOOKAI’IIY  OF  SIDK  "A" 

I’hot oresi St . This  operation  should  be  done  in  a clean  hood  under 

yellow  lighting.  Place  cleaned  sample  on  Headway  spinner.  Sliipley  AZ13f)0Il 

positive  photoresist  is  filtered  through  a 4 micron  filter,  ('over  the  entire 

crystal  area  with  resist.  Spin  the  sample  at  fitKK)  KI’M  for  20  sec,  which 

o 

produces  a resist  layer  not  more  than  2(KX)  A thick,  lidgt'  build-up  of  r(‘sist 


on  the  crystal  odqes  is  minimized  by  covering  itie  entire  surface  initially. 
Allow  sample  to  dry  in  air  at  room  temperature  for  more  than  If)  min. 

lixposure  and  (ieveloptnent . First  clean  the  mask  ttioroughly  (acetone, 
trichlor,  de-ionizeii  water;  ultrasonic  bath;  blow  <lry  with  filtered  air). 
Flace  the  mask  and  sample  onto  t lie  alignment  fixtun.-.  Put  mask  over  sample 
and  make  sure  that  there  is  intimate  contact  between  them.  (If  unable  to  ob- 
serve interference  fringes  in  central  area  of  sample,  it  may  be  necessary  to 
expose  off  edge  buildup  of  resist  on  crystal  prior  to  pattern  exposure.  That 
is  done  with  opaque  shim-stock  covering  central  area). 

When  intimate  contact  is  obtained,  expose  photoresist  using  a collima- 
ted 200W  Mg  arc  lamp  for  25  sec.  Then  remove  sample  and  develop  for  about 
10  sec.  in  Shipley  Developer.  Uinse  sample  with  distilled  water  and  blow 
dry  with  filtered  air.  Inspect  pattern  with  70x  microscope  for  sliarp  edges 
and  complete  resist  removal  where  desired. 

Metalization  and  liftoff.  I’lace  sample  into  evaporator  equipped  with 

chromium  rod  source  and  gold  boat  source.  Pull  vacuum  in  chamber  to  1 x ICT*^ 
0 o 

Torr.  Kvaporate  50  A of  chromium  and  TOO  to  500  A of  gold  onto  sample. 
(These  thicknesses  are  less  than  the  photoresist  layer  thickness,  which  fa- 
cilitates liftoff  and  gives  ample  metal  for  conductivity). 

Ilemove  sample  and  place  it  into  a I’et  ri  dish  filled  with  acetone. 
Iland-agitate  for  20  to  25  sec,  or  until  the  metal  has  lifteil  off  resist 
areas.  Inspect  under  microscope.  Some  metal  flecks  may  still  be  attached 
and  shovld  be  remo'.ed  by  gently  wiping  area  with  an  acetone-soaked  cotton 
swab. 

•1.3  TCKMNG  TIIF  CKYSTAL  OVFK  FOU  ACCFSS  TO  SIDK  "li” 

This  100°  flip  is  accomplished  as  follows,  Psing  a circular  glass- 
cutting saw,  make  necessary  cuts  into  the  side  of  a glass  microscope  slide, 
so  that  when  tlie  side  A surface  of  the  crystal  is  slid  over  these  cut-outs, 
electrical  connection  pads  will  be  exposed.  The  glass  slide  is  cleaned  with 
acetone  and  placed  on  a hot  plaic.  The  sample  is  put  on  the  same  liot  plate 
and  heated  to  ]20°(',,  When  that  temper.iture  is  reached,  the  entire  A surface 
of  the  crystal  is  covered  with  glycol  pthallate.  (ilycol  pthallate  (0!’), 
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also  known  as  Crystalbond  *509,  is  a clear,  insulating,  thermal-melting  ce- 
ment . 

The  loosened  crystal  is  slid  to  the  edge  of  its  original  slide  with  a 
wooden  stick.  I’ut  Gl’  on  the  central  area  of  the  cutout  slide  and  allow  hot 
plate  temperature  to  rise  to  15()°C.  At  150*^,  pick  up  the  crystal  slide  with 
tweezers,  lurn  it  over  and  place  it  onto  the  cutout  slide  so  that  the  crys- 
tal is  near  the  edge  of  the  latter.  Allow  to  stancJ  for  a minute  or  two  and 
gently  attempt  to  slide  the  top  glass  slide  off  completely.  This  will  be  a 
slow  process.  Monitor  the  hot  plate  temperature  and  do  not  allow  it  to  rise 
above  190°C.  When  the  top  glass  has  been  removed,  center  the  crystal  on  its 
"new"  slide  so  that  no  part  of  the  crystal  is  over  the  cutouts  at  this  stage 
of  processing.  Squeeze  out  any  air  bubbles  under  crystal.  Kemove  from  heat 
and  cool  slowly.  Side  B is  now  exposed.  Kepeat  the  initial  clean-up  pro- 

C(.'SS. 

4.4  PIIOTULITFIOGRAI'HY  OF  SIUE  "B" 

Photolithography  on  side  B is  done  in  the  same  way  as  for  side  A,  ex- 
cept that  a microscope  (preferrably  monocular)  will  be  needed  to  line  up 
(register)  the  side-B  pattern  directly  over  the  side-A  pattern.  Metalization 
and  liftoff  are  the  same  as  above. 

4.5  COMPLETION  OF  THE  SANOWICII 

Cutouts  are  made  in  a second  glass  slide  (»2)  to  permit  (eventually) 
electrical  contacting  to  side  B.  Place  sample  and  cleantaJ  slide  »2  on  hot 
plate.  Bring  temperature  of  hot  plate  to  120°C,  and  put  GP  on  cutout  regions 
of  glass  substrate  »1 . Slide  crystal  over  cutouts  on  ^1 , centering  them  over 
side  A pa(is.  Put  GP  onto  central  area  of  cutout  slide  »2.  I’ick  glass  up 
with  tweezers,  turn  it  over,  and  place  it  onto  <;xposed  top  surface  (B)  of 
crystal  to  form  sandwi  ch  . Allow  temperature  to  go  up  to  1B5*^C.  Gently  press 
on  sandwich  to  squeeze  out  excess  (JP . Allow  san(iwich  to  remain  at  105*^  for 
2 min.  Remove  from  hot  plate  aiui  allow  to  cool  slowly  to  room  temperature. 

A cross-st;ct  ion  view  of  the  resulting  laminar  structurt;  is  shown  in  Fig.  0. 

A small  amount  of  Torr-Seal  epoxy  is  placed  on  the  saniiwich  edges  so  tliat  tlte 
sandwich  components  will  not  move  during  subsequent  heating. 
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FIG.  8 Cross-section  of  laminar  electrooptic  device  package. 
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■1.6  CIIITINC,  AM)  rUl.ISlIINO 

I’lacc  sandwich  on  ceramic  block  an<l  put  both  on  liot  plate.  Heat  bot)i, 
and  flood  sandwich  wiDi  C,l’,  coveriiuj  sandwich  and  attaching  it  to  t)lock. 

I'sing  a thin  diamond-wheel  saw,  cut  ttie  sandwich  along  l)oth  ends  of  th<.-  elec- 
trode pattern.  Cutting  stioulii  tie  (tone  slowly  (aliout  2f)  min  per  cut)  so  as 
not  to  crack  the  crystal.  Then  remove-  saiulwich  from  block  and  clean  with 
acetone . 

Sanding  and  optical  polishing  is  done  in  four  steps:  6O0-grit  [laper, 

i 

12-micron  paper,  1-micron  paper,  and  .o:>_micron  alumina  solution  on  a polish-  | 

ing  pad.  All  operations  are  done  tiy  hand  on  a 10"  diam  motor  driven  wheel.  ! 

Kor  each  step,  the  sandwich  eml  is  polistied  until  it  reaches  the  degree  of 
perfection  associated  with  the  particular  grit  size  being  used.  Doth  ends 

I 

of  the  device  are  polished  flat  for  direct,  end-fire  coupling  to  fibers  nr 

to  a laser.  To  get  reproducible,  flat  ends,  the  sandwich  is  held  against  a I 

square  iirass  block  that  holds  it  perpendicular  to  the  polishing  wheel. 

1.7  MOl  NTINt;  ANU  KLl-XTKICAl.  CONTACT  i 

I 

Contacts  to  the  sample  are  made  using  Acme  Conductive  Adhesive 
(C-solder)  no.  T02f>,  Using  acetone  and  cotton  swabs,  clean  GV  out  of  elec- 
trical pad  area,  i’lace  a small  amount  of  conductive  epoxy  on  pad  using  a 
small  wootJen  stick.  Form  a trail  of  conductor  away  from  pad.  Strip  1"  of 
insulation  from  ^IR  stranded  wire  and  place  wire  carefully  on  adhesive  trail. 

Allow  adhesive  to  cure.  Tlu-n  place  sandwich  onto  a glass  mounting  base  ttiat 
is  narrower  than  the  device  (but  wider),  and  attach  with  Torr-Seal.  The  var- 
ious wires  are  attached  to  the  base  with  epoxy  dots  for  strain  relief. 
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I’ASSIVK  CKOSSOVKKS 

Tiii s section  presents  experimental  results  on  in-plane  electro-optic 
wavei|ui(le  crossovers.  The  section  hepins  witii  a discussion  of  crossover 
theory  and  optical  noise  sources. 

f..l  riiOSSOVKH  TIIKOHY 

Fiyiire  9 shows  a top  view  of  two  identical  guides  tiiat  cross  in-plaiie  at 
an  oblique  angle  . In  this  diagram,  9^  is  the  maximum  cone  angle  of  input 
light,  0 is  the  bounce  angle  of  a ray  in  tiie  guiiie,  9^  is  tiie  ciitical  angle 
or  maximum  bounce  angle,  and  is  the  maximum  output  angle  collected  by  tiie 
[ihotodetector . All  angles  are  referred  to  the  guide  medium  and  are  2.2  times 
larger  in  air.  Angles  are  measured  with  respect  to  the  axis  shown.  Tiie  four 
dashed  lines  in  the  figure  denote  continuations  of  tiie  electro-optic  channel 
walls  that  may  be  present  at  tiie  discretion  of  the  device  designer,  llieir 
effect  is  discussed  in  Sec.  .A. 3. 

We  now  examine  the  relationship  between  the  intersection  angle  and  the 
cross-guide  coupling.  Theoretically,  there  are  two  regimes: 

1)  coupling  regime:  2 ^ '"c'  division 

2)  non-coupling  regime:  2 > 

Generally,  light  s|)rcads  into  the  crosspuide  at  the  intersection.  1-iays  are 
incident  on  tlic  crossguide  walls  over  the  angular  range  from  “-9^.  to 
Ideally,  the  reflection  coefficient  at  the  channel  walls  is  zero  for  incidence 
angles  exceeding  9^.  Thus,  when  - is  raised  to  29^,  the  crosschannel  incidence 
angles  range  from  6^  to  3-^,  so  those  rays  radiate  out  ami  are  "lost".  Hence, 
in  theory,  cross-coupled  power  goes  to  zero  at  - - "^c  ‘ 

Figure  10  illustrates  schematically  the  dependence  of  cross-coupled  power 
upon  intersection  angle.  At  = 0,  half  the  power  is  transfi-rred . (ienernlly, 
ttie  coupling  is  tiie  convolution  of  the  modal  distribution  (0  "■  ^ “^1  with 

itself,  that  is,  '>  triangular  shape  (Fig.  10)  for  a square  di  st  ribut  ion . In 
practice,  the  wall  eflectance  does  not  vanish  at  -^-incidence  because  the 
index  shift  is  not  discontinuous  at  the  boundary;  so  there  is  small  cross- 
coupling at  f'  ~‘^c'  power  diminishes  rapidly  (becoming  orders  of 
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FIG.  10  Typical  dependence  of  interchannel  coupling  versus  intersection  angle. 
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tM;i(|ii  i t uilc  ticloiv  t li(>  iM(uil)  ns  is  i(icr<‘.'is."(l  bi-yoiid  1!^  'li'.)'  1**>- 
fcsiiliinl  cT(iss-(Oii|)l  <'(l  coirK's  troni  simjh-  nmi  mii!ii|i|i'  sm  i t ei' i ikj  |)r(j<-- 

i-ssfs.  All  of  our  I \|K' r i iiifii  1 s ;irc  por  I'ornod  in  the  isolntioii  rinjiim-. 

:>.2  CHOSSTAl.K  SOUliCKS 

Olilicul  c ros  s to  1 k is  Iho  acjcinuinlc  of  sovrul  kinds  ol'  oplicrtl  scnllcr- 
iiuj  — arisiiHj  in  tlio  bulk  ot  I lu-  crystal  or  at  its  surl'accs.  Volumo 
scatloriiKj  at  llio  cliatincl  intersection  sends  crossiju  i iled  liijlit  to  the  (jutinit. 
Such  first-order  scalteriiuj  comes  from  crystal  impe  r f ec  I i on  s such  as  nii<'ro- 
scopic  defects,  striae,  incomplete  luiliiuj,  etc.  I'his  lii|ht  is  localized  at 
the  tentiinus  of  the  crosschannel. 

The  second  typo  of  scatterimi,  usually  iiivolvini|  surfaces,  is  a double 
scatterimj  process.  Here  the  ii(|hl  is  often  not  (|uidod.  I'oi'  example, 
scallerinij  occurs  iimniul  in  tel  y at  tht'  input  end.  Then  those  utipuided  rays 
travel  directly  to  tlu*  ouli)Ut  end  where  they  are  re-scatt(‘red . This  tyjie  of 
radiation  has  a fairly  isotropic  distribution  :tt  the  device  output. 

In  Ap|)endix  C,  w<'  present  a simple  crosstalk  model  in  which  the  crosstalk 
intensity  is  the  sum  of  single  and  double  scattering  terms. 

.T.3  CKOSSOl'KH  CO\STIil  CT 1 0,\ 

We  built  planar  electro-optic  channel  crossirngs  in  the  1.9  to  <>.3**  inter- 
section angle  range  in  3-mil  LiXbO,^  and  l.iTaO.^.  Const  nict  ion  details  a i-e 
given  in  Sec.  1.  IV(.'  tested  three  designs;  tin;  dipolar  channel  approach 

shown  in  Ki().  IIA  anil  the  quadri))olar  approaches  shown  in  Kigs.  113  and  1 1C  . 
The  device  of  Fig.  IIC  has  an  open  intersection,  while  the  Fig,  llli  device  has 
a parallelogram  t.-lectrode  at  the  rrossinig  Ion  the  top  and  bottom  plate  surf- 
aces) as  per  the  dashed  lines  in  Fig.  9,  This  rhombic  electrode  was  first 
proposed  by  b.  II.  McMahon  of  our  laboratory.  Ihe  idea  of  the  electrodes  is 
to  iiTtp'ede  crosschannel  flow  but  not  to  disturb  straight-through  flow.  Thi'- 
reduces  crosslalk  if  the  main  noise  soune  is  intersection  scti  1 1 1'r  i ng  . 

Devices  H and  C had  1-mil-ivide  s'tripe  electrodes,  spaced  (i  mils  nfUirt. 
Devide  A had  3-mil-wide  striiie  electrodes  Devices  were  1 ,H  cm  long. 
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.1  MiAsi  m:\iKNT.s 

'I'lif  l :irr:inin‘m('iit  I'or  mr:isiiriti(|  oplicfil  si(|n:i]  nml  ct osst.'il  k 

sirt‘tn|lli  t'rom  ilu'  c rossovi' rs  is  shown  in  I'iij.  I'J.  I'wo  focusnl  iniinl  lii-ams  at 
an  an(|lc  of  J.L’  - ars*  alipniMl  aloni|  Uir  axos  of  the  olcc H'o-op  t i c channels, 
anil  the  on-axis  mit|uits  ;i  re  located  precisely  witfi  the  ne:ir-field  ima<)in<j 
lens  :ind  pho  toimi  1 1 i j)  1 i e i detector  ( KM  I ‘IfifiMA  ) . With  one  in|)Ut  beam  blocked, 
the  oulpiil  sipnal  streiujth  :i  t t fie  desi  ri'd  cliannel  is  recorded  (with  an  10  dll 
a t tenn;i  tor  inserted  in  the  output  path).  The  the  second  input  beam  is 
admitleil  (the  first  litnim  b(>iiui  blocked)  in  order  to  determine  crosstalk  from 
the  same  channel  exit.  (The  lit  dll  attenuator  is  removed  durimj  crosstalk 
lie  term  i na  t ion  . ) 

i'he  output  of  the  photode tec  tor  is  sent  to  a logarithmic  amplifier.  A 
diyitai  in  i 1 1 i ammet  er  coiinecled  to  the'  loij-amp  displayed  the  output  light  level 
directly  in  dll.  The  ratio  of  the  two  powers  measured  above  tells  how  well 
the  intersecting  channels  are  isolated  from  one  another. 

An  adjustable  iris  on  lens  K,,  (4X  objective)  determines  the  output  col- 
lection cone  designated  in  Kig.  9.  A rectangular  aperture  is  placed  on 
the  detector  face,  so  that  it  ’’sees”  the  channel  cross-section  and  nothing 
more.  The  numerical  ajierture  of  the  input  light,  proportional  to  in 
Kig.  9 I \A  = sin[‘J.2£.  ),  is  governed  by  the  choice  of  input  lens  l.j^  (1><, 

10><,  or  2()X  objective). 

.'.5  KESKLTS 

The  observed  signa 1 -t o-c ross tal k ratios  for  three  devices  as  a function 
of  are  t'l'esented  in  Kigs.  Ill  through  l.T.  The  input  coni'  angle,  ranging 
from  c().i:t  to  il.Bo'^,  was  taken  as  a parameter  in  the  graphs.  The  observa- 
tion cone  ranged  from  lO.T  to  -l.(i*^.  The  s ignal -t  o-cross  tal  k ratio  increased 
with  decreasing  and  the  ratio  decreased  with  increasing  approximately 

a s r ”, 

o 

The  s ignal -to-crosstal  k ratio  ranged  from  111  to  II  dil  in  the  first  device, 
and  from  111  to  l.T  dll  in  the  latter  l.wo  di'vices,  depending  on  the  "angle 
choice".  The  lower  range  in  the  "simple  \"  device  is  attributed  to  the 
smaller  inlersection  angle  and  to  passive  waveguiding  that  subtracted  from 


FIG.  12  Experimental  set-up  for  measuring  optical  isolation  of  intersecting 
channels. 


OBSERVATION  CONE 


FIG.  14  Measured  S/C  ratio  as  a function  of  collection  cone  angle  for  a Fig.  1 1 (b) 
LiNb03  device. 


the  voltage-induced  effect. 


A test  was  performed  to  find  out  whether  itie  rliotnhic  electrode  gave 
improved  isolation  over  the  open  intersection  design.  Two  channel  crossovers, 
one  like  that  in  Fig.  1111  and  one  like  that  in  Fig.  IIC,  wert?  constructed 
side-by-side  in  the  same  60  un  LiTaO^  plate.  They  had  the  same  crossover 
angle  (6°),  channel  width  (170  .im),  electrode  width  (60  -m),  length  (1,0  cm), 
and  applied  voltage  (100  V dc).  The  experimental  results  are  presented  in 
Fig.  16.  The  observed  S/C  ratios  were  the  same  to  within  1 dH,  so  the 
expected  increase  was  not  found. 

We  examined  the  crosstalk  distribution  on  the  output  end  of  the  device 
as  shown  in  Fig.  17.  With  lens  Lr^  fixed  exactly  on  the  crosschannel  axis, 
the  lietector  was  moved  from  side  to  side  on  the  focal  plane  to  record  the 
light's  spatial  distribution.  Figure  17  presents  curves  for  the  voltage-on 
and  voltage-off  conditions.  Results  are  giv(>n  for  two  different  collection 
cones  . 

The  crosschanttel  width  is  0.6  cm  on  the  image  plane.  Some  localization 
of  optical  scattering  on  the  channel  exit  is  seen  in  Fig.  17.  The  right-hand 
peak  in  the  Fig.  17  is  high-angle  scattering  emanating  from  the  other  channel. 

5.6  DISCUSSION 

One  expects  the  channel  isolation  to  get  better  as  the  input  light 
becomes  more  collimated  (9.  "*  0).  This  was  verified  in  Figs.  15  — li>. 

A simple  physical  model  like  the  one  in  Appendix  C will  aid  us  in  further 

interpreting  the  results  of  Figs,  13  — 1().  Single-scattering  should 

dominate  in  the  limit  of  small  9 (less  than  ?.)  and  here  the  S C ratio 

0 1 

should  be  approximately  independent  of  9^.  On  the  othi'r  hand,  for  larger 

(greater  than  9 ),  double-scattering  will  be  prominent  and  the  S/C  ratio 
c 2 

should  fall  off  as  9 which  is  the  behavior  seen  in  Figs.  13  — 1(>.  Hence, 
0 

from  an  examination  of  the  figures,  we  conclude  that  double-scattering  was 
stronger  than  the  "intrinsic"  scattering  of  the  device.  This  explains  why 
the  rhombic  electrode  did  not  give  enhancement:  its  beneficial  effects 

were  masked. 
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Section  6 


SIMl’l.K  CUOSSl-OlNTS 

The  compouiul  crosspoinl  can  lie  constructed  from  a simple  power-di vi<ler 
ciosspoint  and  a simple  power-comhiner  crosspoint  (See  I'ii).  1),  The  sim.plest 
method  is  to  use  three-port  switches,  so  a three-port  structure  has  Seen 
adopteil  for  our  simple  ci  osspoint  s. 

We  reported  in  June,  l‘»76  (Kef.  T)  on  a multimode  three-port  optical 
switch  in  which  liyht  was  yuided  directly  under  the  channel  electrodes,  'ihe 
switching  action  stemmed  from  fringiny-field  cou[iling  or  merger  of  the  mam 
and  branch  cliannels. 

An  analogous  switching  structure  can  be  constructed  with  quadripolar 
channels.  Here,  switching  is  obtained  by  interrupting  part  of  the  channel 
wall  where  the  main  and  branch  channels  come  together  in  a "Y" . These  coii- 
tiguous  channels  share  a single  stripe  electrode  that  we  call  a "gate",  liy 
altering  the  gate  potential,  the  interchunnel  light-flow  is  regulated.  This 
multimode  electro-optic  switch  geometry  is  shown  in  Fig.  IH.  It  is  the  one 
we  have  employed  for  the  simple  crosspoint. 

6.1  DESIGN  AND  CONSTKUCTION 

A modal  distribution  that  ranges  over  I propagates  down  the  input 
channel.  About  T dll,  at  most,  of  this  power  will  sprt-ad  into  the  branch.  In 
choosing  the  branch  angle,  we  note  that  small  values  of  allow  a large 

pickoff  but  create  problems  in  isolating  the  two  channels  in  that  the  gate 
region  is  not  totally  opaque  wlien  "closed".  On  the  otiii'r  hand,  the  tapoff 
decreases  with  increasing  going  to  zero  at  ^ 1!  The  choice, 

^O.fio,  is  a good  compromise,  and  should  allow  one  to  approach  3 ilB  roup- 
1 i ng . 

in  experimental  device  like  tliat  in  Fig.  ID,  designated  Sample  =1,  was 
constructed  by  means  of  the  procedures  spelled  out  in  Sc'C.  1.  Figures  1" 
and  20  show  the  pair  of  pliotoresist  masks  employeci  for  this  simple  crosspoint 
device.  All  dimensions  of  the  metallic  electrodes  are  given  in  tlu'  drawings. 
The  two  electrode  patterns  were  registered  atop  one  anotfier  on  opposite  faces 
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NOT  TO  SCALE 

FIG.  19  Photoresist  mask  for  actual  Fiq.  18  device  (side  A). 


of  the  ilf'vicc. 


6.2  MK\Sl  KKMKVrS 

rill-  oxpc  r imein  .il  :i  rmiKicnKMit  for  moasuri  nij  bwitcli  pcrformatuM-,  illus- 
trated in  21,  w.is  virtually  tlic  same  tis  for  the  passive  ciossovers 

(Kiij.  12).  Th(‘  experimental  test  conditions  ami  devict;  parameters  were  as 
follows . 

Simple  Crosspoinl 

STKlTfl  la: , IlKVICi:  "1  (Fiu.  22) 

• l.iTaO^,  Z-cut  plate 

• 75  .j.m  plate  ttiicknes'’ 

• 150  u.tn  channel  width  (electrode  yap) 

• 2.'i  -m  yate  electrode  width 

• 1.1  cm  yate  electrode  lenyth 

• O.O*’  branch  anyle 

• 175  _m  branc/i  channel  width  (electrode  yap) 

• 1.7  cm  overall  lenyth  of  device 

• passive  channel iny  equivalent  to  -50  Vdc  applied 

TKST  COMllTlONS  (Fiy.  22) 

• Focussed  laser  beam  input 

( '•  - 0.63  .jii,  1.1  mn!  beam  diam) 

• TM  polarizeii,  li  7. 

• lOx  input  lens 

• _ 0.9*^  input  cone  in  crystal,  on  the  channel  axis 

• - 2,0^  input  cone  in  air  (0.01  \A) 

• - 5.5*^  output  collection  cone  in  air 

• 2 mn  X 0 mm  detector  aperture  on  3Hx  imaye  plane 

• - 360  Vdc  chntinel  wall  bia 


6.3 


KF.si’rrs 

The  optical  output  power  from  lioth  ports  of  this  switch  was  measured 


I 
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BOTTOM  PATTERN 
OF  ELECTRODES 
(COMMON) 


TOP  V)EW 


FIG.  21  Experimental  set-up  for  electro-optical  testing  of  simple  crosspoint. 


r ’ T 

I as  a function  of  >|at(“  voltayo  with  the  result  presented  in  Kiy.  22.  Ihe 

optical  tapoff  ratio  to  the  branch  at  0 was  -11. dll  relative  to  the  main 

I channel  at  ~ -IloO  V dc , hut  tiie  optical  isolation  of  tlie  l>ranch  (with  yate 

I cIosimI)  wtts  only  10. ()  dll  below  tlie  input  level.  A way  of  iiureasiny  ttie 

j . olation  was  souyht. 

[ ().  } Sl-OILKH  STKL'CTIj’HK 

I 

Dr.  A.  U.  Nelson  of  our  laboratory  proposed  that  a pair  of  electrodes  be 
added  to  tlie  branch  channel  to  divert  unwanted  light  out  of  it.  These 
electrodes,  termed  "spoilers",  are  simple  stripes  (or  tapereii  stripes)  that 
go  down  the  midline  of  the  branch.  Thf‘y  decrease  optical  crosstalk  in  the 
following  way.  Negative  applied  voltage  lowers  the  crystal  index  under  the 
spoiler,  and  stray  light  is  reflected  out  of  the  channel  on  either  side  of 
this  "vane".  The  spoiler  vanishes  (becomes  transparent)  like  the  gate  at 
zero  potential.  Isually,  gate  and  spoiler  receive  the  same  voltage.  Drawing 
upon  these  ideas,  we  designed  a new  switch. 

Figure  2.T  presents  a perspective  drawing  of  the  simple  crosspoint  with 
the  spoiler  electrodes.  The  specific  electrode  geometry  and  dimensions  that 
we  selected  for  those  devices  are  shown  in  the  photoresist  masks  of  Figs.  21 
— 27  that  were  used  for  construction. 

()..")  SFOILFK  CKOSSFOINT  KFSLLTS 

Two  crosspoints  with  spoilers  were  built,  one  of  whicli  cracked  after  a 
few  data  points  were  taken.  The  amount  of  passive  waveguiding  in  both 
devices  was  large.  Strong  channeling  was  found  with  little  or  no  voltage 
applied  to  the  channel  walls.  Useful  switching  was  attained  in  the  zero-bias 
condi tion . 

Figure  20  shows  tlie  output  signals  of  main  and  branch  channels  as  a 
function  of  gate-and-spoi 1 er  potential  (the  gate  and  S[)oiler  were  connected 
together  internally).  The  results  are  summarized  lielow,  together  witli  a 
tabulation  of  device  parameters  and  test  conditions. 
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ELECTRODE 


PATTERN  ON  BOTTOM 
SURFACE  OF  CRYSTAL 


SPOILER 

ELECTRODE 


FIG.  23  Layout  of  three-port  simple  crosspoint  device  with  spoiler. 


OriAIL  OF  TOP  MASK 


3 PAHALLEL  LINES  AT  0 9^  TO  VERTICAL 


DIMENSIONS 

IN 

MILS 


NOT  TO  SCALE 


it  TRANSPARENT  ON  FINAL  MASK 


FIG  25  Detail  of  side  A photoresist  mask  for  actual  Fiq.  23  device. 


PATTERM  REGISTERS  EXACTLY  TO  TOP  PATTERN 


SHADED  AREAS  ARE  TRANSPARENT  ON  FINAL  MASK 
{DIMENSIONS  IN  MILS) 

NOT  TO  SCALE 


FIG.  26  Photoresist  mask  for  actual  Fig.  23  device  (side  B) 


OPTICAL 
OUTPUT 
POWER  IdBI 


VOLTAGE  APPLIED  TO  GATE  AND  SPOILER  (V  del 


I FIG,  28 


Measured  output  of  straight-through  and  branch  channels  as  a function 
of  gate-and-spoiler  potential  for  two  Fig.  23  devices. 
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1 

Sirtifilc  (' ri)K  S[)o  i II  t with  Spoiler 

STkU'Tl'HK  , DKV'K'h  

• l.i'laU.^,  Z-cul  plate 

“ 74  ^ni  |)  1 n t o 1 1t  i ckiicss 

• 1200  i-m  mn  i n clirtniH'l  width  I electrode  f)a[)) 

• 1)0  a-m  ijate  electrode  widtli 

• 1 .111)  cm  fin  t e eli'Ctrode  lenotli 

» 0.0^  hranch  aiiyle 

• 100  -.111  branclt  cliannel  width  lelectrode  fj3|>* 

• 1.0  cm  overall  leniitli  of  device 

• passive  chtinnelinp  eipt  i vtileti  t to  -170  \ dc 

Ti:ST  CONDITIONS,  OliVlCIlS  ^2  anil  "O  (Fti|.  20) 

Same  as  for  Device  i^l  , except 

• 20><  ittpul  letis 

• -4  .o”  input  cont'  in  air 

• 1 .o'*  output  collectioti  cone  in  aii- 

• tto  voltaye  a|)plieil  to  channel  wall- 

STHljCTI  KK,  DllVlCl.  --.'5 

• ()0  -m  [)late  thickness 

• 3.0  cm  overall  len<|tti  of  ilevice 

• (tassive  channel  iru|  eqtiivalent  to  -KM)  V dc 

KKSILTS.  Dl.VIfl-;  =2 

• -4.0  (IB  optical  ta[)off  ratio  into  branclt  at  = ^00  V dc 

relative  to  main  chantiel  at  V = -400  V dc  . 

Its 

• 11.12  (IB  optical  switchiini  ratio  i s i (jnal -t  o-crossl a 1 k of  branch 

at  V - -elOO  V dc  vs  V - -400  \ dc)  . 
g s (( s 

• 2 (IB  estimated  t hrou(|h()Ut  loss  of  unswitched  channel  including 

both  reflection  losses.  j 


* K?  pF  (ja  te-and-spo  i ler  capacitance 

• 101  pF  caiiaciiatice  of  bias  electrodes  (channel  i\alls) 


RFS1I.T.S.  DFVICK  »:i 

—1.9  dll  optical  ta()off  ratio,  device  conditions 
1:1.9  dli  optical  switching  ralio,  device  t*’2  conditions 
2.5  (IB  estimated  throinjhpiit  loss,  devic('  ^^2  conditions 
!().()  pF  (ja  t(!-and-spoi  1 er  capacitance 
192  pF  capacitance  of  Bias  electrodes  (channel  walls) 


We  c^'oelude  from  the  forecjoiiK]  data  that  the  spoilers  operated  as  pre- 
dicted. ices  "2  and  pave  a 1 to  7 dli  improvement  in  the  signal-to- 
crosstai..  ratio  of  the  branch  compared  to  IJevice  'fl  , most  of  which  we 
attribute  to  the  spoiler  electrodes. 


rOMI’OI  M)  ( KO.SSi'OlN'l  (IMIIAI,  VKUSIOM 

llru'irKj  ilcmoiis  I r;i  t ('<1  (Me  s i h i i i I y <>l'  s :nul  hiijli- 

isolatioM  crossovers,  we  lie(|uii  cons  t riir  1 i on  of  com[)onn(l  crosspoinfs  llint 
nnile  itiese  devices  in  oti(>  snl)'-trate.  Onr  ijoal  was  to  l)uild  the  compound 
swilcli  suliject  to  the  followirui  c on  s t r<a  i n I s : 

• a limit  is  set  on  tlie  overall  lengtli 

• till-  ()late  thickiK'ss  (t)  is  compartilile  to  multimode  fiber 

core  diameters;  r>()  to  7;'  -.m 

® the  switchinq  ttnd  bias  voltruje  (\  tind  V ) are  limited 

‘.I 

t o -IfiO  V 

*>  the  crossover  angle  ( f ) is  ndatitely  large  for  low 
crosstalk 

• Uu>  branch  off  angles  1?^^)  are  relatively  small  for  higli 

lapoff  ratios. 

■fradeoffs  must  lie  made  among  these  re(|  ui  remen  I s since  they  coni'licl  in 

certain  areas.  Thf‘  length  limit  is  imposed  so  tliat  sev<‘ral  compound  cross- 

points  can  be  joined  int(»  a matrix  of  reasonable  size.  For  I lie  initial 

version,  we  took  1 = 3 cm. 

cc 

7.1  IMflAL  l)KSiG\ 

Starting  with  the  "optical  circuit  diagram"  of  Fig.  I,  we  substitutf'd 
the  simple-crosspoint  layout  of  Fig.  I H for  both  switches  and  usi'd  1-stripe 
electro-optic  channels  for  all  required  signttl  pat  Its.  A design  for  the  mono- 
lithic compound  crosspoint  was  arrived  at  in  this  way.  A top  view  of  thi' 
electrode  pattern  for  the  resulting  compound  rrosspoinl  is  shown  in  Fig.  L‘d 
Cwhich  includes  labeling  for  the  relevtint  dimensions  and  tingles),  and  it  per- 
s[)ective  view  of  the  device  (stuis  control  leads)  is  shown  in  Fig.  SO.  Note 
that  the  crosspoint  is  b i d i rec  ti  oita  I . It  futtet  ioits  identically  for  eithei' 
direction  of  light  pro(iaga  t i on  . 

Heturning  to  I'ig.  -'K  the  spt'cific  ptu-an’i'ters  are  determineil  ns  follows. 

- .■()  - 


k.-  .. 


First,  till'  plitit'  thickness  is  tn  .'()  to  Tfi  iiii  as  ahove,  luit  we  ruleii  out 
t • ()0  .^m  iiecause  of  our  prioi'  experience  with  crystal  (jreakaye  (2.fi  mils  • i 
‘ ;i  .0  mils). 

Next,  we  need  to  know  the  1 ight -coni'i  nement  properties  of  tlie  channels, 
file  critical  atKjle  tor  electro-optic  channeling  is  computed  from  the 
allowed  switching  voltage;  then  the  hranch  angle  is  determined  from  . The 
critical  angle  is  related  to  thf;  induced  index  shift  In^  as  follows; 


6 (TM) 
c 


the  TM  modes  are  those  i)olarized  with  t lie  i r ofttic.al  field  parallel  to 
the  crystal  /,  axis,  and  the  angle  is  measured  within  the  crystal.  i he 
refractive  index  shift  along  Z is  related  to  the  applied  electric  field  ( /, 
com[)onent)  liy  the  r^,^  elec  t ro-op  t i c coefficient  of  lithium  tantalate  or 
lithium  niohate  as  follows: 

In  = Ijn  t’o-jl-  “ (7-2) 

7.  7 do  z 

Previously  measured  coefficient  values  from  the  Chemical  Hubber  Laser  Handbook 


r.;j.^  (LiTaO,^,  ^ = 0.63  -m)  = 30.3(S)  x 10  micron,  V 
r,j.j  (LiNbO.j,  \ = 0.(>3  ...m)  = 30.HtS)  x 10  ^ micron/V 


n (LiTaOo, 
z 3’ 


0.63  ,-m)  - 2.19 


II  (LiXbO., , '■  - 0.()3  h-m)  = 2.20 

z .1 

Substitution  of  these  data  into  Ixi . (7-2)  gives  these  numerical  results: 

-1 

ill  (LiTaO,,,  ■ = 0.()3  .m)  = 1 ..T9  x lo  F. 
z 3 z 

in,  (LiNbO.,,  x = 0.63  ..m)  - 1 .<>T  x K)"'  K 


9 (LiNbO.,, 
c 


e (LilaO.,,  ■■  = 0.()3  .m)  = 1.21  x lo"" 

C A ' z 

0,h:\  ^ni»  = 1 .'J'J  < 10“” 


in  which  the  units  of  F are  volts  tier  micron  and  is  in  railians.  For  <uir 

z ' c 

electrode  geometry,  the  relation  between  the  applied  voltage  \ ^ and  the  field 


(7-1 ) 


is  fairly  acciirati'ly  olicycd  in  tlic  crystal  rrijioti  directly  under  a stripe, 
rile  relations  (7-3)  are  plotted  in  I'iipiri-s  lU  and  31!  over  tlie  2 to  0 V/^oi  field 
ratu|e,  which  covers  practical  values.  I'akimj  t (;3  -m  and  130  Vile,  we 

find  from  ll(|S.  (7—1),  (7-3),  and  (7-i)  that  7.1  \/-m  and  ^ l.B3*^  for 

lithium  tantalate.  The  branchoff  angle  for  each  simple  crossfioint  is  taken 


in  order  to  get  a high  tapoff  ratio.  (An  a|)proximate  ray-ojitic  theory  of  th(' 

ojitical  power  division  between  merged  Y-coupled  channels  has  been  worked  out 

by  11.  II.  McMahon.  Kefiresentat  i ve  results  for  the  coupling  ratios  versus 

, /r  are  given  in  Fig.  33).  Thus  for  the  initial  compound  crosspoint  we 
b r 

chose  9,  ■-  1*^. 
b 

The  gate  length  is  given  by 

L - (IV  • W )/sin  (7 -.3  I 

in  which  W is  th('  branch  chanru'l  width  (synonymous  with  the  connecting  channel 

width)  and  IV^  is  the  gate  electrode  width.  According  to  a barrier-isolation 

calculation  worked  out  by  11.  II.  McMahon,  strii>e-like  gati's  are  capable  of  high 

optical  isolation,  more  than  (10  dB  when  ■=:  2.3  -m  (Fig.  31  ».  Accordingly, 

we  took  W 23  -ail  and  we  also  chose  IV  - 3,3  mils  (110  -ml  similar  to  that  of 

the  simple  crosspoint  in  Chapter  (),  Device  *1.  Ilenci',  1.  O.'Jl  ern  for  this 

switch.  Including  the  lead-in  waveguides  (L.l,  the  simple  rrosspoint  length 

is  1.  L.  - L.  , and  taking  L.  - 0.2  cm,  we  have'  1.  1.14  cm  for  the  ini- 

s c 1 g ■’  I s c 

tial  compound  crosspoint,  .Since  the  overall  length  is  a [iprox i ma te ly 


where  is  the  arc-length  of  the  curved  connecting  guide,  we  find  that  this 
arc  is  0.72  cm  long  hi're. 


file  radius  of  curvature  (K)  of  the  connecting  channi’l  is  related  to  tlu' 

arc  length  , the  crossover  angle  A and  the  branch  angle  as  follows; 

R 1.  tan(-'  - 2 t (7-7  1 

c b 

It  is  guite  important  to  make  this  radius  langer  than  some  minimum  radius 


X = 0.63  nm.  E 7 
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APPLIED  E FIELD  (V/>im) 


FIG.  31  Induced  index  perturbation  in  LiNb03  and  LiTa03  as  a function  of 
applied  field. 
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BARRIER  ISOLATION  IN  DECIBELS 


(U  . ) in  ordrr  to  kocn  rndintion  loss  Ithc  iinciiiidcd  li:ika(ic  out  ol'  tlio 

nil  n 

curved  clKUiiifll  to  :t  minimum.  Multimode  w;i  veiju  i de  theory  yields  tin  .-ipfiroxi- 

mate  relation  ,, 

U . 11  1\  /e  " ( T-HI 

min  e (■ 

in  which  W is  the  effective  optical  width  of  the  multimode  curved  ihannel. 
e 

The  - -depi'iidence  of  K . is  plotted  in  I'iii.  llfi.  For  the  initial  comiiouiid 
c ' min'  ■'  ' 

crossfioint,  we  assumed  optical  confinement  within  a i-niil-ivide  re(|ioii  of  the 

curved  channel,  and  that  1 .1111*’  as  ahove.  Hence,  from  Kq . (7-fil,  K . is 

c -min 

•l.H  cm. 

The  crossiiiq  anqle  7 enters  into  Fq . 1 7 -7  1 for  It.  Note  that  small  ■ - 

values  are  undesirahle  because  they  allow  crossqiiide  scatterinq.  On  thr>  oilier 

hand,  as  P goes  up,c ross  ta  Ik  decreases  but  K gets  smaller,  eventually  going 

below  the  acceiitable  level  K . . So,  a compromise  7 is  needed.  We  took  - 0 

for  the  initial  compound  crosspoint,  giving  K H.f)  cm  which  is  greater  than 

K . computed  above, 
mi  11 

7.11  FXl'FKlMF.NfAI.  UFSFl.TS 

Two  versions  of  the  first-generation  compound  crosspoint,  with  ainl  with- 
out spoiler  electrodes.  Were  built.  file  first  vecoion,  calli'd  (('-lA-2,  used 
tile  fihotoresist  masks  CC-IA  and  l T -2  shown  in  Figures  .2ii  and  .27.  In  a third 
mask,  ('('-IH,  till'  curved  channel  of  tlie  lA  design  was  widened  to  7 mils,  and 
l_mil-ivide  Sfioiler  electrodes  were  attached  to  each  of  the  two  independent 
gates  (midway  along  the  curve),  to  give  the  modified  mask  shown  in  Mg. 

A compound  cross|ioint  with  spoilers,  designated  (■(  -115-2  was  constructed  using 
tlu'  (T-115  and  ('C-2  masks. 


The  experimental  set-igi  is  similar  to  that  shown  in  Fig.  21.  Light  was 
focussed  into  thi‘  gated  channel  with  a lOx  or  20x  niicrosiope  object  i\v,  and 
both  channel  outputs  were  imaged  onto  detectors.  Outputs  are  observed  seipien- 
tially;  tlie  near-field  lens  and  I'MT  detector  being  moved  in  seipieni  e into  po- 
sition for  each  channel.  \pertiiri'  slops  are  provided  for  the  output  lens  and  j 

the  detector.  i 

] 

Itie  compound  cios.spoint  gates  could  be  turiieil  on  and  off  individually,  ! 

but  for  most  experiments  I hey  were  connected  logether.  Iloih  devices  had  some 

passive  channeling,  so  it  was  necessary  to  "reverse  bias"  the  gales  (*  \ ) 

g ’ 
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FIG.  36  Photoresist  mask  for  actual  Fiq.  30  device  (side  A) 
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COMPOUND  CROSSPOINT 
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FIG.  37  Photoresist  mask  for  actual  Fig.  30  device  (side  B). 


COMPOUND  CROSSPOINT  MASK  CC  IB  (TOP  SURF  ACPI 


ALL  DIMENSIONS  ARE 
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FIG.  38  Photoresist  mask  for  actual  l ig.  30  device  (side  A)  with  spoiler  electrodes 


(Mnceliiiij  oul  tlieir  passive  lo  compli-tcly  "open"  ihrtn  ( iJlowinp  liylii 

to  p.. '.s)  . Noyiitivo  voHiitp'  on  tlio  ipiti'S  moiii!  Ilicm  cloic,  'Itity  hecome  refl  cc- 

tivo,  ami  liijlit  is  also  dcncctfMi  out  of  tin'  ciirvil  channol  in  tin  spoiler 
case. 

■ The  ohserved  output  intonsity  from  the  cross-chanm-1  ami  straiijhl- 
throuyh  channel  is  plotteil  on  a dli  scali;  as  a function  of  yale  potential  (V  ') 
in  Fiy.  3‘>  for  both  polarities  of  applied  voltaye  (f'C_l  \_2  divice).  \ simi- 
lar measurement  for  C't'-ll!-2  v<;rsus  yaU^-and-spoiler  (lotential  is  presented  in 

Fiy.  10.  The  solid  lines  reff'r  to  on-axis  Ofitical  excitation  of  tiie  input 

channel.  The  shaded  reyions  show  wliat  happens  when  the  input  beam  is  trans- 
lated sliyhtly  off  the  channel  axis. 

The  switched  throuyh|uit  was  laryest  in  t lu?  positive  voltage  regime  at 
valiu'S  corrt'spondiny  to  tlie  passive  itackyrouml.  The  on-axis  ttipoff  ratios 
were  smalU'r  titan  expeett'd,  altiiouyii  tiie  switciiiny  was  severa  i dli  greater  for 
off-axis  incid(!nce.  Tli(>  s t ra  iy  h t-t  ii  ruugli  intensity  decreased  liv  I -2  dli  at 
- • 100  Vdc.  The  eX|H'rim(tnta  1 results  are  summarized  iielow,  toyetlier  witii 
a synopsis  of  devici'  parameters  and  test  conditions. 

Compound  Crosspoint  (Initial  Version  ) 

■STRCCTtiKK,  UFVICF  (T-lA-2  < \o  spoi  lers  t 

• MTaO.^,  Z-ciit  plate 

• 70  -m  pla  te  til  ickness 

• l.TO  -m  straiylit  clianm'l  width  (electrode  gapi 

« 137  -m  curved  cltannel  widtli  (I'lectrode  ijapl 

» 2o  -m  gate  eli'ctrode  widtii  ( itotli  i 

• O.d.)  cm  gate  ('led  rode  lemjtli  (lioliii 

• 1.0**  Itranclioff  angle,  curved  clianm'l  from  crosspoints 

• ().()*’  cltannel  crossovi'r  angle 

• O.oli  cm  arc-l('ngtli  of  curved  channel 

• fl.;T  cm  radius  of  curvature 

• 3.0  cm  overall  lengtll  of  device 

• passive  cltanneliny  ('giiivalent  to  -70\dc 


VOLTAGE  APPLIED  TO  BOTH  GATES  (Vdcl 


FIG.  39  Measured  output  of  straight-through  and  crosschannels  as  a function  of 
gate  potential  for  a compound  crosspoint  device  CC-1 A-2. 
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VOLTAGE  APPLIED  TO  GATES  AND  SPOILERS  (Vdc) 


FIG.  40  Measured  output  of  straight-through  and  crosschannels  as  a function  of 
gate-and-spoiler  potential  for  a compound  crosspoint  device  CC- 1 B-2. 
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TKST  niMIITIONS  (l'ii|.  a*n 

• t'uc  us  S('(i  hiscr  hcuiti  ii]|iut  (a.  -i!i, 

1 . 1 nun  l)cam  d i am  ) 

• I'M  polar izril,  K Z 

• 2()x  ininit  lens 

• - 1.(1*’  input  corn;  in  crystal 

i () 

• - 1.0  input  cone  in  air  (0.07  NA ) 

• - 2.o”  input  cono  in  air  for  lOx  lon.s 

• - 2.2*’  colli-ction  cono  in  air 

• 2 mm  X ()  mm  di't('Ctor  aperture  on  20x  imaye  plane 

• -OfiOUIc  cliannel  wall  bias 

ill-SI  LTS 

• -22.r)dB  optical  tapoff  ratio,  on-axi.s  (crosschannel,  - -100  \dc 

vs  ('xcited  channel  V - 4 00 (del. 

• 1()  dli  optical  switchiny  ratio  ( s iyna  1 -to-crossta  Ik  of  crosschannel, 

V • 100  Vdc  vs  V ^ - 400  Vdc'l. 

g (1 

• 2.4  dB  estimated  throughput  loss  (excit('d  channel,  - 400  Vdc'l 

incluiiiny  both  refh'ction  loss('s. 

• 0.1"i  pF  capacitance  of  yate  elf'ctrodes 

• .260  [)F  capacitance  of  bias  electrodes  (all  ctiannoi  walls) 

STRITTI'KF,  DKVirF  (T-lB-2  (With  spoilers) 

Same  as  (T-lA-2  except: 

• 72  ■m  plate  thickness 

• 22.'’)  curved  channel  width  (electrode  yap) 

• 2.5  u.m  spoiler  electrode  widtii 

• spoiler  on  midi  ini'  of  curved  channt'l 

• spoiler  :oid  gate  connected  electrically 

• 2.1  overall  length  of  device 

• passive  chanm'liny  eijuivalenl  to  - BO  Vdc 


'/ 


I'l-.ST  COM) muxs  II  i(|.  10 1 


Same  as  for  ('(  -lA-'J 


HI. SI  I.TS 

• -21  illi  optical  tapoff  ratio,  on-axis  (crossclianno  1 , 100  \dc 

vs  I'xc  ill'll  cliarmi'l  \ -dOO  Vile). 

',1 

• IT  ilH  optical  switcliimi  ratio  ( siijna  1-to-crossta  Ik  of  crossctiannc  1 , 

\ • too  Vile  vs  V - -lOOVilc  I . 

'.I  '.I 

• 2.1  ilK  os  t iina  ti'd  t liroiujlipiit  loss  ( rxc  i toil  cliannol,  -dfXIViici 

incliiilinci  hotli  rofloction  losses. 


• ••.I)  pF  capacilanco  of  pato  oloctrodos 

• 2)10  pF  ca|iacitanco  of  bias  o loctrodos  (all  cliannol  walls) 

In  (latliorinri  the  Fip.  29  and  40  data,  wo  noticed  that  a cons idorab lo 
amount  of  light  offlorgod  from  the'  dovico  "botwoon"  the  channels  as  illustrated 
in  Fig.  11  (this  was  true  for  both  devices).  This  "midlight"  could  be  extin- 
guished will]  the  first  gate  closed  and  the  second  gate  open.  .Also,  when  both 
gates  were  o|)ened  and  closed  in  unison,  the  midliglit  was  not  swi  tch(‘d  as 
strongly  as  thi'  crosschannel  output.  Therefore,  we  concluded  this  light  was 
radiating  out  of  the  curved  guide  as  Fig.  11  indicates,  implying  that  the  ra- 
dius of  curvature  was  too  small. 


In  this  way,  the  c rossc ha  line  1 was  robbed  of  light,  which  explains  why 
the  tapoff  ratios  i\ero  low  for  both  compound  switches.  This  radiation  effect 
was  the  main  problem  area  for  ('(  -lA-2  and  (■(-il!-2.  The  intergate  radiation 
also  had  the  effect  of  masking  the  spoiler  action. 

A more  gratifying  result  was  obtained  for  the  on  off  switching  ratio  of 
the  crosschannel.  Here,  in  both  Figures  2i9  ,ond  40,  the  s igna  1 -t  o-cros  s la  Ik 
ratio  was  in  the  17  to  20  dli  range,  which  is  a[)(iruxinately  twice  the  observed 
S T’  ratio  of  the  simple  erosspoint  as  predicted  by  theory.  In  theory,  the 
iscilation  of  the  c rosschanne 1 with  gates  closed  should  be  as  great  as  that 
found  in  passive  crossover  devices,  namely  — -lO  dl!  below  the  input  level 
(Sec.  .T..T).  This  prediction  was  indeed  borne  out  in  the  Fig.  2*’  ami  10  re- 
s u I ts  . 
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KfturniiKj  to  Itic  Sec.  7.1  licsicjii  |jrncrclurc , ri'ii.sons  r.'iti  ln'  I'ouihI  fur 
I lie  I'lirvi'il  chamirl  l(Tika()c;  tlii'  1 hjlit-t  ra  ppi  ni|  atiijlcs  wcri'  siiia  I li'r  than  anli- 
ci|iati'd,  ami  the  trappim)  rc(|iun  wider. 

I'or  a (|iven  voitape  on  t.he  curved  channel  stripes,  tlie  larpest  possible 
index  shift  at  llie  channel  axis  will  be  obtaineil  if  the  channel  midpoint  is 
field-free.  However,  in  practice,  there  will  be  /-components  of  field  in  the 
midrepion  due  to  f r i np i up -f i e 1 d overlap.  This  overlap  can  be  sipnificant  be- 
cause the  surface  electrode  pap  is  only  two  to  tlirei'  times  as  larpe  as  th(' 
(ilate  thickni'SS  (t).  Hence,  the  full  ranpe,  0 t,  is  not  available 

for  channel  inp.  A.  U . Ni'lson  has  chlciilati'd  the  frinpinp  field  strenpth  vs 
lati'ral  position  for  plane-para  1 li' 1 electrodes  with  the  result  shown  in  lip. 

' dll.  At  a distance  of  1.2  t from  the  electrode  I'dpe  (the  present  experiment!, 

frinpinp  from  tpiadripole  stripes  is  20  to  Mf'i  of  tlie  iinderstrip'?  field.  Thus, 
-n  for  the  chanm'l  is  onlv  ()0  to  T0"i  of  its  ideal  value.  Hence,  because  of 

7. 

its  spuari'-root  dipx'ndi'iice  on  li'*'  effect  iv(!  conf  im'ment  ample  of  the 

electro-optic  channel  is  77  to  tll',’„  of  its  ideal  valio',  which  produces  a (d)  to 

701’o  increase  i n 11  . . 

m 1 n 

Also,  the  effective  optical  width  of  the  channel  was,  in  retrospect, 
preater  than  tlie  1-mil  valm'  assumed.  It  is  a conpilt'x  pvolilem  to  determine 
how  an  i mb'X-pradi ent  channel  is  "filled"  with  light.  As  a rouph  estimate, 
we  now  feel  that  most  of  the  light  will  be  confim'd  within  .'Oil,  of  the  elec- 
trode S|iacinp,  which  would  lie  mils  in  the  CC-1-2  case.  ronse(|u('n  1 1 y , the 
minimum  bend  radius  for  the  C'('-lA-2  and  (■('-111-2  switches  was  actually  much 
preater  than  the  radius  calculated  above*  ( S(*c . 7.1)  and  the  ineguality, 

R > H . , was  not  satisfit'd. 
min 
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L>ecti(jii  8 

COMPOUND  CR08;. POINT  (L'APROViiO  ViTl.ION) 

Tho  purpo'je  of  building  the  secoiiJ-geiifcrut.ion  ccmpouiid  .v-iu  ' j 

jchieve  higbur  switching  ratios  aiid  higher  tapoff  ratios  tti  .n  iti  CC-1-.  . The 
dec.  7 results  indicated  that  this  could  be  done  if  the  beiid  ladiu-  for  •'he 
connecting  channel  was  increased  (which  would  lengthen  the  crosspoint) . .-.e 

felt  it  was  worthwhile  to  demonstrate  good  switchirig  performance  even  if  ■ he 
new  device  took  up  more  space. 

8.:  DESIGN 

The  starting  poirit  was  to  select  the  overall  switch  length  based  up.:, 
ry-'.tal  availability.  Polished,  optical  quality  LiTaO^  crystal  , 2.b  mils 
thick  and  k"  wide,  were  available  from  Crystal  Technology  Ii;c.  in  two  to 
three  inch  lengths.  Since  the  cost  .md  fragility  of  this  material  go  up  (at 
a greater-than-llnear  rate)  with  increasii.g  length,  we  chose  ?.4  inches  as  a 
compromise  crosspoint  lerigth.  This  permitted  a 400^  increase  in  the  connect- 
ing channel  length  over  CC-i-2  because  the  simple  crosspoirjt  lei.gths  could  oe 
held  at  about  the  same  values  as  in  CC- 1 -2  (their  gating  performance  was  ade- 
quate). 

Photoresist  masks,  designated  CC-3  ond  CC-4,  were  made  by  Photror.ics 
Company  in  a ,,ub-contracting  arrangement  with  Computer  Drafting  Company,  who 
fabricated  the  curved-waveguide  sections  out  of  40  pairs  of  parallel  stiaight- 
line  segments  in  a piece-wise-linear  approximation.  From  the  Sec.  6 results, 
wp  chose  a 1-mil-wide  spoiler  electrode  to  go  down  the  midline  of  the  urved 
channel  or,  both  top  and  bottom  crystal  surfaces.  This  spoiler  contacted  both 
gates  ele.trically,  so  all  three  electrodes  are  at  the  vame  pc'ential.  (l- 
was  not  felt  necessary  to  have  the  gates  independent  of  one  another,  and  the 
I electrode  layout  is  simplified  in  the  unified-gate  co.adi tion. ) As  bef 'r-^.  all 

electro-optic  r.hanr.els  iri  device  «vere  of  the  foui -stripe  variety.  Figure  *3 
shows  j per  .pective  drawing  of  the  compound  crosspoint  device  (cry-^tal  ot,r  : 
electrical  leads  and  protective  glass  plates  on  top  and  bottom  are  nos  sltr'- 

I .jhort-circuiting  between  surface  electrode  igate  and  wall)  .-.M', 
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FIG.  43  Layout  of  four-port  compound  crosspoint  device  (improved  version). 
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prevented  by  nwkiiiq  the  ^Tiinimum  gap  between  thcoe  electrodes  3 mir. , a spa-  ir.g 
that  hould  staiid  off  at  least  bOO  V when  cover>,-d  with  glycol  pthallate.  The 
width  of  the  curved  channel  I'',  thus  7 mils  (3  mi  1 j on  either  side  of  tire  ^-mil 
■aoiler).  The  same  vMidth  was  chosen  for  tlie  straight  channels. 

As  discussed  in  tit.a  . 7.2,  tl\e  critical  angle  for  light.-trappitig  .-.111  he 
t 1.  to  s:  l.b°,  ratht-r  thai.  the  ideal  ± 1.8°  value.  Also,  mosi  of  the  light 
in  the  curved  guide  will  be  confiti'-d  to  a 3-  to  4-mil  baiid.  Usir.g  these  c.ti- 
mates,  we  find  from  fig.  3b  that  the  miriimum  berid  radiu-.  in  abou'  I'-  cm,  we 
chose  the  actual  radiu.  to  be  36  cm,  which  provides  a margin  of  safety. 

To  tapoff  large  amounts  of  light  as  desired,  the  initial  fan-out  (or 
fan-in)  angle  of  the  curved  guide  from  the  simple  croscpoints  was  chosen  to  be 
0.8°,  slightly  more  than  half  the  effective  critical  angle.  This  gave  a gate 
length  of  1.44  cm  as  per  Eg.  7-5.  dith  lead-in  waveguides  0.26  cm  long,  the 
simple  crosspoint  length  is  now  1.7  cm.  A length  of  2.6  cm  remains  for  the 
curved  guide  because  L = L - 2L  - 6.0  cm  - 3.4  cm  ,'.C  cm.  Since  a 6" 

intersection  angle  in  CC-i-2  gave  a high  off-state  isolation,  a crossover  an- 

Q 

gle  close  to  this  is  desired  here.  i'Ve  found  that  a crossing  angle  of  5.3  was 

cor.sistent  with  the  aforementioned  0,  = 0.8°,  L = 2.6  cm,  and  fi  - 3t,8  o~.,  in 

b c 

accordance  with  Hq.  7-2. 

The  resulting  photomasks,  CC-3  and  CC-4,  which  ^re  registered  directly 
atop  one  another  on  opposite  surfaces  of  the  ..rystalline  plate,  are  ho.wn  in 
Figures  44  through  47,  The  drawings  shew  electrole  pads  to  which  external 
contact  is  made. 

3.2  i^hVlCE  COi.'jTkUCTION 

Two  devices,  nominally  ider.tical,  were  t r^.-p  .rc 'i,  bevice  had  excel- 
lent mask  registration,  alcbiough  there  was  i mall  0.  ’ mil  registration  error 
at  one  end  of  the  2.4"  cryst-.l  in  Device  ^..rir:g  tno  final  stage  of  pro- 

cessing, Device  71  was  heated  to  170°C  fot  i mi:  . .’.hile  Devicv.  w,  was  heated 
to  18c°  for  2 mi.  . Passive  channeling  vvas  initi.illy  large  i:.  Device-  71, 
scout  -150  Vde  equivalent,  but  the  passive  effect  f ;ded  t.)  .a  -60  Vdc  level 
d^ter  ‘hree  days.  Device  -P  was  similar,  wid;  i'  s i:itid  pwssi'.e  guiding 
fading  to  -40  Vdc-equivalet.t  i . the  same  inters' -I. 
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photoresist  mask  for  Fig.  43  device. 
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After  the  optical  polishing  steps,  the  ends  of  the  crosspoint  device 
have  the  appearance  shown  in  the  microscope  photograph  of  Fig.  48,  which  il- 
lustrates the  "sandwich"  nature  of  the  construction.  A top  view  of  the  com- 
pleted device  (before  wires  are  attached  to  the  electrode  pads)  is  shown  in 
the  photograph  of  Fig.  49. 

The  metalizatlon  layers  applied  to  Devices  #1  and  consisted  of  hOO  A 
of  gold  deposited  on  a 40  A initial  flash  of  chromium.  Joule  heating  problems 
were  encountered  when  these  layers  were  "thinned".  A third  device  was  built 

o o 

290  A Au  -t  20  A Cr  electrodes,  and  when  400  Vdc  was  applied  between  surface 
electrodes,  open  circuits  developed  in  high-resistance  areas  of  the  metal  pat- 
tern. Thermal  burn-out  occurred  in  the  narrow  bridges  across  channels  (Fig. 
44).  This  difficulty  did  not  arise  in  Devices  ftl  and  Pt2.  As  an  added  pre- 
caution, current-limiting  resistors  (22  megohms  in  series)  were  introduced  in- 
to the  test  circuit. 

Although  prior  devices  have  withstood  bbO  V applied,  we  set  "safe"  lim- 
its lower  than  this  during  testing.  To  eliminate  breakdown,  potential  differ- 
ences of  4b0  V across  the  2.b  mil  crystal  and  bOO  V across  the  3 mil  surface 
electrode  gap  were  not  exceeded  during  measurements. 

8.3  INITIAL  MEASUREMENTS 

The  set-up  for  the  electro-optical  measurements  is  shown  in  Fig.  bO  and 
is  similar  to  those  employed  before.  Starting  with  a 20  cw  focussed  laser 
beam  (that  simulates  fiber  excitation),  the  switched  and  unswitched  optical 
outputs  are  observed  as  shown.  Light  is  collected  with  a near-field  imaging 
lens  (4x  objective)  whose  aperture  can  be  controlled  with  an  iris  (thereby 
determining  the  solid  angle  of  observation).  The  magnified  image  of  each 
channel-end  is  directed  to  a photomultiplier  detector  as  indicated.  The  PMT 
aperture  is  adjusted  so  it  looks  at  the  channel  end  and  nothing  more.  The  PMT 
can  be  mechanically  scanned  in  the  transverse  direction. 

The  crosspoint  in  operation  is  shown  in  Fig.  bl . We  took  photographs  of 
the  near-field  radiation  pattern  of  the  compound  crosspoint  under  the  Fig.  bO 
exoerimental  conditions.  The  results  are  shown  in  Fig.  bP.  Much  of  the  opti- 
cal detail  is  obscured  by  the  film's  respotise,  and  it  is  more  revealing  to  ex- 
amine the  intensity  profile  with  a detector-plus-narrow-slit  that  is  scanned 


FIG.  49  Top  view  of  actual  CC-3-4  compound  crosspoint  device  (improved  version). 


FIG.  51  Tes;  of  CC-3-4  device  with  convergent  input  light  (20x  objective  at  left) 
and  4x  collector  at  right  with  adjustable  iris. 


- 89  - 


■lOaiiiailMSfiiiBii 


j 


STRAIGHT-THROUGH  CROSS  CHANNEL 

CHANNEL  OUTPUT  OUTPUT 

Vg  = -450Vdc  Vg-*50Vdc 


FIG.  52  Output  light  (both  channels,  near-field  pattern)  of  CC-3-4  device  with 
-385  Vdc  wall  bias,  20x  input  and  = ± fO, 
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across  the  optical  emission.  A 3 mm  x 3 mm  "slit"  on  the  42x  image  plar.e 
(which  corresponds  to  a 3-mil-diameter  fiber  at  the  crosspoint  end)  was  trans- 
lated laterally  over  several  cm  with  the  near-field  lens  fixed  in  position 
exactly  on  the  channel  axis.  This  PMT  scan  was  repeated  for  both  channels. 
The  voltages  applied  during  the  test  were  those  that  made  the  g^tes  fully 
open  or  fully  closed  (See  Sec.  8.5  below).  The  input  electro-optic  channel 
was  excited  symmetrically  (on-axis)  with  the  laser  beam.  The  measured  pro- 
files of  the  excited-channel  output  and  cross-channel  output  are  plotted  on 
a dB  scale  in  Fig.  53.  The  exact  location  of  the  crosschannel  on  the  image 
plane  was  determined  from  the  peak  of  the  15ght  distribution  seen  in  Fig.  53. 
The  utility  of  this  method  was  supported  by  the  fact  that  the  observed  30.1 
cm  separation  between  crosschannel  and  excited  channel  peaks  was  close  to  the 
30.3  cm  calculated  spacing. 

It  is  seen  in  Fig.  52  that  opening  the  gates  depletes  the  right-harjd 
side  of  the  excited  channel  by  1.5  to  3 dB,  which  is  reasonable  because  only 
one  side  of  the  channel  is  opened  electronically.  With  gates  open,  the 
switched  light  peak  is  down  9.8  dB  from  the  input.  It  then  drops  26  dB  when 
the  gates  are  closed.  This  is  the  scattered  light  profile  or  crosstalk  dis- 
tribution shown  by  the  dotted  line  at  the  right  in  Fig  53.  There  is  an  in- 
tensity minimum  that  coincides  with  the  gates-open  peak,  and  "wings"  of  leak- 
age light  are  found  on  both  sides  of  the  valley.  This  behavior  may  b«  due  in 
part  to  the  spoiler  action. 


8.4  THROUGHPUT  MEASUREMENTS 


Throughput  was  measured  by  collecting  light  from  an  excited  channel  and 
comparing  its  strength  to  a free-space  transmission  value.  All  of  the  trapped 
light  emerging  from  a 6-cm  electro-optic  channel  in  the  crosspoint  (gates 
closed)  was  collected  and  recorded  with  the  PMT.  The  crosspoint  was  removed 
and  the  input  light  re-imaged  onto  the  PMT.  This  measurement  was  repeated  for 
4x,  19x,  and  20x  input  lenses.  An  optical  reflection  loss  of  1.5  dB  (air-io- 
crystal  and  crystal-to-air ) was  assumed  in  all  three  cases.  We  found  the  to- 
tal throughput  loss  of  the  channel  was  2.0  dB  for  4x,  2.5  dB  for  lOx  and  3.1 
dB  for  20x.  Subtracting  reflection  loss,  the  propagation  losses  were  0.5  dB, 
1.0  dB,  and  1.6  dB  respectively,  over  the  6 cm  channel  length:  therefor^,  -he 
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LOCATION  ALONG  IMAGE  PLANE  (cm) 

FIG.  53  Intensity  distributions  from  straight-through  channel  and  crosschannel 
of  CC-3-4  device  with  gates  closed  (dotted  curves)  and  gates  open  (solid 
curves). 


observed  propagation  loss-constants  were  0.09,  0.17,  and  0.27  dB/cm,  respec- 
tively. 


S.-o  FINAL  MEASUREMENTS 

Signal  and  crosstalk  data  was  gathered  with  the  rig.  bO  equipr.erit. 
Setting  the  channel  wall  voltage  at  a constant  value  of  -38b  Vdc,  the  opti- 
cal output  of  both  compound-crosspoint  channels  was  measured  as  a function  of 

gate  potential  (V  ) in  both  polarity  regimes.  The  negative-polarity 
9 

lowers  the  crystal  index  and  serves  to  close  the  gates.  Though  the  gates  are 
nominally  open  at  = 0,  a "forward  voltage"  of  50  to  100  V is  actually 

needed  to  cancel  out  the  -50  V passive  effect  existing  at  the  gates.  The  ob- 
served intensities  for  both  devices  (on  a dB  scale)  are  presented  in  Fig.  54. 

Let  us  first  discuss  the  tapoff  ratio,  which  reaches  a maximum  at  about 
+50  Vdc  on  the  gate.  Maximum  tapoffs  of  -11  dB  and  -13  dB  are  found,  at  which 
point  the  excited  channel  power  has  been  depleted  by  1.5  to  2.5  dB.  Conserva- 
tion of  energy  indicates  that  the  tap  ratio  should  be  greater:  for  example, 
in  an  ideal  crosspoint,  if  the  input  channel  is  "drained"  by  1.5  dB  (71% 
throughput),  then  29%  of  the  energy  should  be  transferred  to  the  crosschan- 
enl,  which  is  a -5.4  dB  tap  ratio.  In  practice,  some  of  the  initially  gated 
light  does  not  end  up  confined  in  the  crosschannel.  In  the  present  example, 
21%  of  the  input  (29%  - 8%)  is  dispersed  to  other  locations  besides  the  cross- 
channel exit. 

We  find  that  the  radiated  light  appears  between  channels  and  on  the 
outer  side  of  the  crosschannel.  We  attribute  most  of  this  leakage  in  the 
CC-3-4  device  to  imperfections  in  the  photoresist  masks,  primarily  a small 
"scallop"  effect  in  the  curved  channel.  However,  CC-3-4  has  a 13  dB  improve- 
ment in  switched  throughput  over  CC-1-2,  therefore,  the  amount  of  light  leak- 
ing out  of  the  curved  channel  was  much  smaller  than  in  CC-1-2  as  planned. 

Off-axis  excitation  of  CC-3-4  gave  an  improvement  of  at  most  1.5  dB  ir. 
the  tapoff,  unlike  CC-1-2.  Perhaps  the  modes  are  more  thormalized  in  the 
CC-3-4  input  guide. 

Turning  to  the  switching  ratio  (crosschannel  with  gates  open  vs.  gates 
closed),  the  results  are  favorable.  These  ratios  ranged  from  23  to  .’5  db  in 
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FIG.  54  Observed  output  of  straight-through  and  crosschannels  (on-axis  optical 
excitation)  for  two  improved  compound  crosspoint  devices  as  a function 
of  gate-and-spoiler  potential. 


Device  f/1  and  24  to  26  dB  in  Device  »12,  the  largest  we  hdve  observed  tbu-  fji. 
It  is  interesting  to  note  that  these  S/C  ratios  are  as  high  as  th-  laioest 
values  reported  for  single-mode  switching  (Ref.  4). 

Before  the  passive  effect  faded,  we  were  able  to  use  wall  biases  of 

-100  to  -200  Vdc  and  could  make  I V I > > | V ,, I.  In  that  case,  it  was 

'gate'  wall 

found  that  the  "noise  level"  in  the  crosschannel  fell  asymtotically  to  a pla- 
teau around  -40  dB  at  highly  negative  gate  voltages.  Extrapolating  from  that 
result,  we  estimate  that  the  crosstalk  in  Fig.  64  will  decrease  to  a satura- 
tion value  about  -41  dB  (dashed  line  in  the  Figure)  at  negative  potentials  of 
660  to  600  V (not  applied  to  avoid  damaging  the  device). 

For  the  most  part,  the  curved-channel  leakage  problem  in  CD-I-,  ha: 
been  solved  in  CC-3-4  in  agreement  with  theory,  as  a comparison  of  tapoff  r< - 
suits  shows.  Also,  the  optical  isolation  of  the  crosschannel  with  :he  gate: 
closed  is  near  -40  dB  which  agrees  with  our  results  for  passive  cro. severs 
(Sec.  5.5,  similar  conditions),  showing  an  internal  consistency  ir.  'ne  e.xp-.r- 
imental  results.  Most  importantly,  the  CC-3-4  devices  have  met  the  goal  ir, 
the  RADC  work  Statement,  that  the  optical  switching  ratio  shall  be  .•.i^iiin  : ab 
of  twice  the  switching  ratio  (in  dB)  achieved  for  the  simple  crossover. 

The  main  drawback  of  this  crosspoint  is  its  lengtn,  which  would  be  e,- 
cessive  for  multimode  optical  matrix  applications.  It  would  be  diffi  -It.  if 
not  impossible,  to  integrate  several  CC-3-4  devices  (L  6 cm)  into  one  ry.  - 
tal  substrate  for  a complex,  highly  moded  switching  array.  The  reaso:  i that 
prese:.t-day  LiTaO^  cyrstal  plates  (optical  quality,  Z-cut,  2-2“ii)  are  limited 
in  length  to  about  8 cm.  Of  course,  a modular  approach  is  po.mible  --  -olum:. 
switching  arrays,  6 to  8 cm  wide,  would  be  butt-coupled  together  into  a ma- 
trix --  however,  this  is  not  a preferred  approach,  and  a monolithic  techi.ique 
is  judged  to  be  superior. 

Compound  Crosspoir.t  (improved  Version) 

STRUCTURE,  CC-u-4,  DEVICES  Fl  and  m2 

• LiTaO^,  Z-cut  plate 

• o2  plate  thickness 

• 5.3'^  channel  crossover  angle 


95 


• 17b  ^im  channel  ^idlh  (electrode  gap  for 

straight  and  curved) 

• 30  jin  gate  electrode  iwidth  (both) 

• 1.44  Cm  gate  electrode  length 

• i).8^  initial  branchoff  angle  of  curved  channel 

from  crosspoints 

• 7b  a,m  spoiler  electrode  width 

• spoiler  located  along  midline  of  curved  channel 

• spoiler  and  gates  connected  electrically 

• 2.6  cm  arc  length  of  curved  channel 

• 3b. 8 cm  radius  of  curvature 

• 6.0  cm  overall  length  of  device 

• passive  channeling  equivnlent  to  -40  Vdc 


THOT  CONDITIONS,  DHVI'JEb  til  and  g2  (Fig.  b4) 

• focussed  laser  beam  input  (A  = 0.63  u,m, 

1.!  mm  beam  diam) 

• TM  polarized,  E |j  Z 

• 20x  input  lens 

« X 1.8°  input  light  cone  in  crystal 

• ± 4,0°  input  cone  in  air  (0.07  NA) 

• ; 2.2°  output  collection  cone  in  air 

• 3 mm  X 6 mm  detector  aperture  on  42-  image  plane 

(collects  from  72  urn  x 144  y,m  region  at  channel  end) 

• -38b  Vdc  channel  wall  bias 


RESULTS,  DEVICE  ffl 


• -9  to  -11  dB  optical  tapoff  ratio  into  crosschannel  at  V^  = +b0  Vdc 
vs  excited  channel  at  V - -4n0  Vdc. 


• 24  to  26  dB  optical  n'.itching  ratio  in 


talk  ratio:  open/closed  g.itoo: 


V - 
9 


.rosschannel  ( si gnal -to-cross- 
-bO  Vdc  vs  V = -4b0  Vdc) 


• *.t  db  op' teal  ref lec tion  *03se'.  input  und  output 

• ;.6  db  estimated  opt  In.'l  ' hrougiiput  loss  of  6-cm-long  excited 

t’mnr.el  at  -4o0  Vdc  ( ii'.put) 


- 9*.  - 


• 36  pF  capacitance  of  switching  electrodes  (gates  and  spoiler) 

• 750  pF  capacitance  of  bias  electrodes  (all  channel  walls) 

RESULTS  , DEVICE  ,12 

• -11  to  -13  optical  tapoff  ratio,  device  #1  voltages 

• 23  to  25  dD  optical  switching  ratio,  device  ftl  voltages 

• same  transmission  losses  as  device 

• 35  pF  gate-and-spoiler  capacitance 

• 720  pF  capacitance  of  bias  electrodes 
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DEFLECTION  CHOCCFOINT 

Mad  i 1 piopeities  of  tiie  fibers  and  crosspoints  were  not  mentioned  in 
the  RADC  work  btatemeiit.  Implicitly,  the  devices  were  supposed  to  work  with 
sir.gle  mode  fibers  md  with  multimode  fibers  up  to  some  mode  number  to  be 
specified  u;  a future  date,  uince  progress  has  been  made  by  other  research- 
ers in  single-mode  matrixing,  we  concluded  that  the  "highly  moded"  regime  had 
the  greatest  unfulfilled  needs,  and  that  crosspoints  would  make  the  greatest 
contributions  in  fiber  systems  with  ~ 0.14  NA  and  75  - 85  |j,m  fiber  core  diam- 
eter --  rather  than  in  "quasi-single-mode"  systems  or  in  "weakly  populated" 
fibers  like  NEC  Celfoc. 

Ho.vever,  this  mode  choice  confronted  us  with  the  "real  estate"  problem 
for  compound  crosspoints  discussed  in  Sec.  8.5.  kVe  therefore  sought  an  ap- 
proach more  amenable  to  matrixing  ai:d  looked  for  a switching  structure  that 
would  offer  performance  comparable  to  (or  better  than)  CC-3-4  in  a much  short- 
er switching  length,  while  retaining  simplicity  and  ease  of  manufacture. 

This  investigation  occupied  a brief  period  and  was  an  exploration  of  al- 
ternatives to  tandem  switching.  However,  we  did  keep  the  four-port  geometry 
and  the  four-stripe  electro-optic  channeling. 

We  used  some  novel  concepts  proposed  by  D.  H.  McMahon  of  oui  laborator... 
Light  was  controllably  directed  between  merged  channels  by  a single,  compact 
light-deflection  structure.  The  electrically  alterable  deflection  element 
was  placed  at  the  intersection  of  in-plane  crossed  channels.  We  arrived  at 
the  four-port  switching  device  shown  in  the  drawing  of  Fig.  55.  Our  familiar 
top-and-bottom  electrode  layers  were  included,  and  the  crosspoint  was  =gain  a 
monolithic,  all -electro-optic  structure. 

The  switch  operates  as  follows.  First,  if  the  deflection  stripe  is  at 
zer  ;■  potential,  there  is  no  index  perturbation  in  the  crystal  and  thi  region, 
i,  tra.naparent  to  incoming  light.  Thus,  trapped  light  beams  intersect  with- 
out interacting,  giving  a "perfect  cross"  state.  For  the  tecond  switching 
state,  a negative  potential  is  applied  to  the  deflection-bar.  thereby  lowering 
‘hr-  crystal's  index  locally  in  a vertical  plane,  creating  a mirror  (or  mor.; 
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accurately,  a beamsplittei ) along  ttie  angle-bisector  of  the  channel  intersec- 
tion. Part  of  the  incident  light  is  sent  (tapped)  to  the  crosschannel,  whicri 
again  is  a multimode,  achro:uatic  power-division  process. 

Q.l  CONSTRUCTION 

The  pair  of  photoresist  masks  employed  for  crosspoint  construction  are 
ahown  in  Figures  b6  and  b7,  with  a detail  in  Fig.  b8.  The  1-mil  deflector 
width  was  chosen  by  analogy  with  previous  spoiler  and  gate  results.  A wave- 
guide crossing  angle  of  3.6°,  which  is  twice  the  maximum  critical  angle,  was 
selected.  For  voltage  standoff,  4-mil  separations  were  chosen  between  the 
deflector  and  channel  walls  at  the  closest-approach  point,  makirig  the  channels 
9 mils  wide.  The  interaction  length  or  switching  region  was  300  mils  long. 

Three  devices  were  constructed  and  tested.  All  had  passive  optical 
channeling  equivalent  to  -100  to  - 180  Vdc.  The  measurement  set-up  was  iden- 
tical to  that  shown  in  Fig.  bO.  The  crosspoint  parameters  and  test  conditions 
are  summarized  below  for  two  representative  samples. 

Deflection  Crosspoint 

STRUCTURE,  DEVICE  tfl 

• LiTaO^,  Z-cut  plate 

• 7b  u,m  plate  thickness 

• 22b  j.m  channel  width  (electrode  gap) 

• 2b  urn  deflector  electrode  width 

• 0.71  cm  deflector  electrode  length 

• 3.6°  channel  crossing  angle 

• 1.7  cm  overall  length  of  device 

• passive  channeling  equivalent  to  -120  Vdc 

TEST  CONDITIONS  (Fig.  b9) 

• focussed  0.63  y,m  laser  beam,  (l.l  mm  beam  diam) 

• IM  polarized,  E " Z 

• 20x  input  lens 

• * 1.8°  input  light  cone  ir.  crystal 

• ± 4.0°  input  cone  in  air  (0.07  NA) 
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VOLTAGE  APPLIED  TO  DEFLECTOR  ELECTRODE  (Vdc) 


FIG.  59  Observed  output  of  straight-through  and  crosschannels  as  a function  of 
deflector  voltage  for  a deflection-crosspoint  device. 
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• input  beam  is  on  the  channel  axis  ' 

• ± 2.0°  collection  cone  in  air 

• 3 mm  X 6 mm  detector  aperture  on  40x  image  plane 

• -250  Vdc  channel  wall  bias 

STRUCTURE,  DEVICE  

Same  as  HI,  except; 

• 53  ym  plate  thickness 

• 2.9  cm  overall  lerigth  of  device 

• passive  channeling  equivalent  to  -180  Vdc 

TEST  CONDITIONS  (Fiq.  60) 

Same  as  HI , except : 

• input  beam  is  25  y,m  off-axis 

• -100  Vdc  channel  wall  bias 


9.2  RESULTS 

Preliminary  results  are  given  here.  The  observed  outputs  of  the  switch- 
ed and  unswitched  channels  in  Device  HI  are  given  on  a db  scale  in  Fig.  59  as 
a function  of  deflector  voltage  in  both  polarity  regimes.  As  in  prior 

devices,  a positive  potential  on  the  switching  electrode  was  needed  to  cancel 
out  the  passive  lower-index  effect  under  this  stripe.  The  negative  applied 
voltage  induces  reflective  power  splitting. 

This  sample  was  optically  excited  on  the  axis  of  one  electro-optic  chan- 
nel; (the  input  beam  was  collinear  with  the  axis  and  centered  on  it).  Bu*  it 
is  not  clear  that  the  mode  distribution  is  "thermalized"  .-.hen  it  reaches  the 
deflector  (that  might  require  several  cm  of  travel).  For  the  symmetrical  op- 
tical excitation,  the  measured  tapoff  ratio  was  -8.8  dB  at  V^  = -400  Vdc  (a 
potential  that  differs  by  500  V from  the  channel  wall  bias).  There  is  evi- 
dence to  suggest  that  the  optical  tapoff  would  reach  a plateau  of  -7  dB  at  a- 
about  -600  V,  but  that  would  have  exceeded  our  safe-voltage  limit,  oeneraliy, 
the  light  transfer  was  as  good  as  in  the  improved  compound  crosspoirjt.  The 
on/off  switching  ratio  of  this  deflection  crosspoint  w is  16  to  17  dB  under  the 
above-mentioned  conditions.  Optical  throughput  loss  of  the  uriswi tched  charinel, 
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FIG.  60  Observed  output  of  straight-through  and  crosschannels  as  a function  of 
deflector  voltage  for  a second  deflection-crosspoint  device. 
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including  reflections  was  estimated  at  2 db. 

The  percent  of  input  light  diverted  into  the  crosschannel  wer.t  up  when 
fhe  optical  input  was  off-axis.  In  the  experiment,  the  convergent  input  team 
was  moved  2b  um  laterally  off-axis  in  the  crystallographic  /-direction,  triouqh 
the  beam  axis  was  still  parallel  to  the  channel  axis.  As  a result,  light  rays 
did  not  bounce  symmetrically  in  the  channel.  For  an  input  "packet",  the 
bounce  locations  on  one  wall  did  not  line  up  with  a similar  set  of  bounce- 
points  on  the  opposite  wall.  Rays  may  have  bounced  just  before  the  intersec- 
tion in  the  present  off-axis  experiment,  or  in  the  crosschannel  beyond  the  d>  - 
flector.  In  other  words,  a compound  deflection  may  be  occurring  in  the  off- 
axis  case. 

Optical  switching  results  for  Device  f?2  with  off-axis  input  are  present- 
ed in  Fig.  60.  Here,  the  induced  reflection  was  strorig,  with  a -2  db  tapoff 
being  found,  along  with  a b db  depletion  of  the  optical  input  beam.  The  ob- 
served switching  ratio  was  21  db  in  this  case,  which  is  nearly  as  high  as  that 
in  the  improved  compound  crosspoint.  In  the  reflective  state  (V^  = -dOO  Vdc), 
power  division  reached  a maximum,  and  a minimum  optical  scattering  level  vvas 
found  in  the  "transparent"  state  at  = *-250  Vdc. 

Near- field  radiation  patterns  from  the  output  end  of  crosspoint  ft2  are 
shown  in  the  Fig.  61  photographs  (for  both  switching  states).  The  channel 
cross-sections  are  elongated  because  this  device  was  only  b3  u-'i  thick.  The 
electro-optical  performance  of  the  deflection  crosspoints  is  tabulated  heie: 

RESULTS,  DEVICE  Ul 

• -8.8  db  optical  tapoff  ratio  ( crosschannel , V^  = -400  Vdc  vs 

excited  channel,  7^  = +150  Vdc) 

• 16.6  db  optical  switching  ratio  (signal-to-crosstalk  of  cross- 

channel, V^  - -400  Vdc  vs  V^  - t-150  Vdc) 

• 2 db  estimated  throughput  loss  (excited  channel,  V^  = -150  Vdc) 

including  both  reflection  losses 

• 5.9  pF  capacitance  of  deflector  electrode 

• 128  pF  capacitance  of  bias  electrodes 
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FIG.  61  Light  output  (both  channels,  near-field  pattern)  of  deflection  crosspoint 
in  reflective  and  transparent-deflector  states  with  -100  Vdc  wall  bias,  20x 
input,  and  6q  = ± 1.2°. 


108 


RESULTS,  DEVICE  tt? 


• ~2.0  dB  optical  tapoff  ratio  ( crosschannel , = -300  Vdc  vs 

excited  channel,  = +250  Vdc) 

• 21.0  dB  optical  switching  ratio  ( signal-Lo-crosstalk  of  cross- 

channel, V,  = -300  Vdc  vs  V,  = t-250  Vdc) 
d d 

• 2.3  dB  estimated  throughput  loss  (excited  channel,  V^  = +250  Vdc) 

including  both  reflection  losses 

• 6.7  pF  capacitance  of  deflector  electrode 

• 198  pF  capacitance  of  bias  electrodes 

vie  also  measured  the  influence  of  the  output  collection  cone.  The  re- 
sults are  presented  in  Fig.  62.  The  switching  ratio  increased  at  small  cone 
angles  but  the  tap  ratio  was  unaffected.  Not  shown  in  the  Figure  is  a 5 dB 
decrease  in  optical  throughput  in  going  from  ± 3°  to  ± 1*^  (input  fixed  at  + ^°). 

Time  did  not  permit  a thorough  analysis  of  the  optical  noise  sources  in 
the  deflection  crosspoint,  but  the  3.6°  crossing  angle  seemed  to  play  an  im- 
portant role.  Because  this  angle  is  relatively  small,  the  observed  crosschan- 
nel  isolation  was  about  -25  dB  compared  to  the  -39  dB  gate-closed  isolation  of 
C3-3-4,  whose  crossover  angle  was  5.8°.  We  attribute  most  of  the  optical  cross- 
talk to  trapped  scattering  at  the  channel  intersection  (a  single-scattering 
process  unlike  the  two-fold  process  deduced  for  the  compound  switch). 

There  are  several  means  for  improving  the  crosstalk  performance  of  the 
deflection  switch.  Clearly,  one  way  is  to  raise  the  channel  crossing  angle. 
This  can  be  done  , in  principle,  without  significantly  reducing  the  tap  ratio. 
A 20  to  30%  increase  seems  feasible.  As  the  crossover  angle  is  increased,  the 
single-scattering  diminishes  in  intensity  until  a weaker,  higher-order  scat- 
tering is  observed.  Additional  crosstalk-reduction  technique-  are  discussed 
In  Sec.  11  below. 
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FIG.  62  Optical  switching  ratio  and  optical  tapoff  ratio  as  a function  of  observation 
cone  angle  for  two  deflection-crosspoint  devices.  Data  for  on-axis  and 
off-axis  optical  excitation  is  shown. 


Section  10 


SUmARY 


A variety  of  multimode  optical  waveguiding  and  switching  structures  have 
been  demonstrated  experimentally:  straight  and  gently  cun/ed  channels,  char.- 
nels  that  intersected  in  a plane  at  3.6°  to  6.3°,  simple  crosspoiiit  switches, 
compound  crosspoint  switches,  and  deflection  crosspoint  switches.  All  of  the 
crosspoint  devices  are  tapoff  switches  intended  for  integration  into  an  opti- 
ca] crossbar  matrix. 

Early  in  the  contract,  an  all-electro-optic  approach  in  LiTaO^  was  cho- 
sen over  a solid-state-diffusion  approach  (Cu"^  in  LiNbO^).  The  reasons  iri- 
cluded  lower  attenuation,  simpler  construction,  better  interfacing  witn  fib- 
ers, and  a higher  probability  of  success  in  switching. 

The  electro-optic  substrate  consisted  of  an  optically  polished,  single- 
crystal Z-cut  plate  of  LiTaO^  or  LiNbO^.  A 50  to  75  g,m  plate  thickness  was 
chosen  for  low-loss  butt  coupling  to  commercial  multimode  fibers  having  simi- 
lar core  sizes.  Crystals  are  ultrapure  (undoped)  and  free  from  striae  and 
domains. 

Technology  has  been  developed  for  handling  and  processing  these  thin 
plates,  including  photolithographic  methods  for  defining  metal  electrodes  on 
both  plate  surfaces  and  optical  polishing  of  the  crystal  ends  for  direct  coup- 
lirjg  to  fibers. 

daveguiding  regions  were  created  in  the  crystal  by  steady  applied  elec- 
tric fields.  A (quadripole  structure  was  preferred  for  channeling,  with  light 
guided  in  the  crystal  between  parallel  stripe  electrodes,  two  on  the  top  sur- 
face and  two  on  the  bottom.  (Low  propagation  losses  made  it  unnecessary  to 
have  a lower-index  dielectric  cladding  layer  between  each  electrode  -.r.d  the 
crystal ) . 

For  optical  switching,  electrically  controlled  reflection  was  used, 
portion  of  the  optical  channel  wall  was  turned  on  and  off  electrically  to 
gate  the  multimode  trapped  light.  Or,  a controllable  deflectioii  ele-si.t  (top- 
arid-bottom  line-segment  electrodes)  was  inserted  into  the  optical  -hannol  at 
a small  angle  to  the  ixis. 


Ill 


All  devices  used  the  principle  of  total  reflection  by  grazing  incidence 
on  a lower-index  "barrier".  The  barrier  is  a local lized  region  of  lov.ei  ir.dex 
induced  in  the  crystal  by  external  fields.  These  index  gradients  are  capable 
of  reflecting  multimode  light  over  a ± 1.6°  range  of  angles  >nd  they  aie 
jchromatic  (not  wavelength-sensitive). 

Multimode  optical  excitation  of  the  devices  was  obtairied  with  i focuosc-d 
He-Me  laser  beam  (A  - 0.63  u,m)  that  simulated  optical  fiber  excitaiiori.  The 
convergent  input  beam  had  a numerical  aperture  of  0.07. 

The  following  experimental  results  were  obtained.  The  electro-optic 
channels  intersecting  at  6°  were  optically  isolated  from  oiie  ar.othei  by  36  to 
44  dB,  depending  upon  the  solid  angle  of  light  collected  from  the  channel  ou*-- 
puts. 

The  simple  crosspoint  was  a three-port  switch  with  an  0.9°  separation 
between  main  and  branch  channels,  and  a gate  electrode  located  where  those 
channels  joined.  The  gate-closed  isolation  of  the  branch  was  improved  by  po- 
sitioning a thin,  negative-potential  electrode  ("spoiler")  down  the  midline  of 
the  branch  to  divert  stray  light.  The  optical  tapoff  ratio  was  about  -b  db  and 
the  gate-open/gate-closed  optical  switching  ratio  was  about  12  dB. 

The  compound  crosspoint  is  a four-port  device  comprised  of  two  simple 
crosspoints  and  a 5.8°  channel  crossover.  Each  of  the  intersecting  channels 
had  a gate  in  one  wall,  and  those  gates  were  connected  optically  by  a gently 
curved  channel. 


In  an  initial  version  of  the  compound  crosspoint,  the  tapoff  ratio  .'.as 
unexpectedly  low  becau  .e  large  amounts  of  light  leaked  out  of  the  curved  guide. 
The  radius  of  curvature  had  been  made  too  small.  This  difficulty  was  remedied 
in  a second-generation  device  whose  length  was  greater  in  order  to  accomodate 
a more  gradual  bend. 


The  improved  compound  crosspoint  had  a tapoff  rati  of  -9  to  -12  dB. 
and  the  optical  switching  ratio  ( signal-to-crosstalk  ratio  of  the  crosschannel ) 
rar.ged  from  24  to  26  dB.  The  gates-closed  crosstalk  level  of  the  crosschannel 
was  approximately  40  dB  below  the  optical  input  level.  The  control  voltage  in 
dc  tests  was  about  450  Vdc  and  a 390  Vdc  bias  was  also  required  on  the  ch.mnel 
11s.  Optical  transmission  loss  through  the  o-cm-long  device  w.is  3 dB, 
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including  both  s«viich/air  reflection  losses. 

A deflection  crosspoint  witli  .jn  O.d  cm  switchirig  lerigth  (-Tbout  of 

'he  compound  crosspoint  length)  was  demonstrated.  This  four-port  switch  con 
tained  ,i  3.o^  . li  innel  crossover.  Under  tost  conditions  similar  to  the  com- 
pound device,  the  deflector  switch  had  a -2  to  -9  db  tapoff  ratio  (depending 
on  whether  tne  inpu  "^leam  was  aligned  on  or  off  the  channel  awis)  and  the  op 
lical  switching  ratio  rajiged  from  16  to  20  db,  with  the  control  voltages 
again  in  the  400  to  bOO  V range. 

The  implications  of  these  results  are  discussed  below. 


113 


Section  11 


CONCLUSIONS 

The  optical  crosstalk  between  channels  is  an  inplane  electro-optic 
crossover  for  0 - 5°  is  limited  by  a double-scatteiing  process.  The  opti- 

cal noise  consists  mainly  of  unguided  light.  It  is  scattered  at  the  input 
surface  ar-.d  travels  to  the  output  surface  where  it  is  re-scattered.  The  sig- 
nal-to-crosstalk  ratio  of  the  compound  crosspoint  (as  presently  constructed) 
is  governed  by  this  scattering  process. 

The  signal-to-crosstalk  ratio  of  the  deflection  crosspoint  (as  presently 
constructed  with  0 = 3.6°)  is  governed  by  a single-scattering  process  iri  vvhich 
guided  light  is  redirected  into  the  other  channel  at  the  intersection. 

Between  LiTaO^  and  LiNbO^j  the  preferred  material  is  LiTaO^  because  of 
its  purity,  quality,  and  minimal  susceptibility  to  optical  damage. 

The  0.07  NA  focussed  laser  beam  input  is  a good  simulation  of  0.14  NA 
fiber  excitation  because  the  2:1  input  collimation  procedure  recently  demon- 
strated by  Nelson  and  McMahon  of  our  laboratory  (Ref.  b)  will  give  the  same 
optical  input  distribution  in  the  crystal,  starting  with  a 0.14  NA  fiber. 

Using  this  2:1  arrangement,  our  3-mil  x ~ 8-mil  electro-optic  channels  -re 
compatible  with  a 3-mil  core-diameter  fiber. 

.Vhen  fibers  are  coupled  at  normal  incidence,  the  3 dB  insertion  loss  of 
a polarizer  should  be  added  to  the  loss  cited  above.  However,  in  practice, 
one  is  likely  to  use  non-normal  incidence  (Snell's  Law  collimation)  for  both 
the  input  and  output  fibers.  Typically,  the  fibers  are  terminated  at  73°  and 
the  crystal  cut  at  44°  (See  rig.  3).  In  that  case,  no  polarizer  is  r.eed.'d  ind 
the  crosspoints  will  switch  both  the  TE  and  ITi  polarizations  launched  by  the 
fiber.  (Switching  is  50^  weaker  for  TE  light  since  the  r^^  coefficier.t  is 
about  25%  that  of  ^33)*  If  anti-reflection  coatings  are  put  on  the  crystal 
ends,  the  reflection  losses  are  about  1 dB  (mostly  IM  lo-.  ) in  the  fiuer- 
collimotion  case. 

The  present  devices  can  couple  to  graded  or  step  index  fiber;  and  .-.ill 
work  with  either. 
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Ho^iv  woll  are  the  goals  of  the  Work  htatement  met  iri  the  compound  cross- 
point?  The  goal  of  attaining  a switching  ratio  within  b db  of  twice  the 
switching  ratio  (in  db)  of  the  simple  crosspoint  has  been  met.  Because  the 
propagation  loss  was  0.3  dB/cm,  we  have  come  close  to  meeting  the  goal  of  O.b 
dB  transmission  loss  in  the  unswitched  state. 


The  measured  optical  isolation  was  four  to  five  orders  of  magnitude 
away  from  the  80  dB  goal.  We  do  not  know  whether  this  goal  will  be  mot  iri  fu- 
ture multimode  (or  single  mode)  switches,  but  we  believe  that  improvement  over 
the  present  level  is  possible.  We  speculate  that  a 10  to  20  dB  decrease  iri 
scattering  will  be  obtainable  by  means  spelled  out  below. 

Inherently,  the  Pockel ' s effect  response  of  LiTaO^  is  very  fast,  so  the 
100  nanosecoiid  switching  rate  goal  should  be  attainable,  but  this  has  not  been 
verified  yet. 

The  wavelength  aoal  has  been  met.  Because  the  electro-optic  coefficient 
is  "flat'-  and  the  crystal  is  transparent  in  the  near-infrared,  we  fully  expect 
the  l-u,m  switching  performance  to  equal  that  at  0.63  y,m.  In  a orief  experi- 
ment, we  took  a A.  = 0.90  ^im  pulsed  GaAs  diode  laser,  launched  its  emissior.  in- 
to a Corning  fiber  and  butt-coupled  this  infrared  fiber  light  into  the  deflec- 
tion crosspoint.  A thin  Polaroid  HR  infrared  polarizer  was  interposed  between 
the  switch  and  the  two  butt-coupled  fibers  at  the  output.  Qualitatively,  the 
observed  switching  action  was  the  same  as  for  the  visible  laser  input. 


A transmission  of  10%  to  lb%  was  attained  in  the  compound  crosspoint's 
switched  state,  which  is  not  very  far  from  the  32%  goal.  Lower  transmission 
loss  appears  feasible. 

It  is  interesting  to  compare  the  compound  crosspoint  performance  to  th 
that  of  state-of-the-art  single-mode  switches.  Probably  the  best  single-mode 
results  are  found  in  the  reversed  AS  switch  of  Schmidt  and  Kogelnick  (Hcf.  4) 
There  the  minimum  crosstalk  level  was  -26  dB  which  is  comparable  with  oui 
multimode  result.  The  single  mode  energy  switched  into  the  crossarm  wa_.  B0%, 
compared  to  the  12%  (multimode)  achieved  here.  In  these  respects,  tt'.e  cross- 
point  compares  favorably. 


cm; 


The  maximum  length  of  optical  quality  Z-cut 
hence  the  6 cm  iength  of  the  improved  compound 


LiTaO^  is  presently  c to  8 
crosspoint  is  prohibi'ivo 
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for  making  monolithic  arrays  (matrices)  of  these  devices. 

Although  overly  long  for  a matrix,  the  compourjd  cross[)oir]t  has  value  as 
a switchablc  access  coupler  for  an  optical  data  bus,  particularly  if  the 
crosspoint  is  modified  by  adding  a second  pair  of  gates  and  a second  curved 
connecting  ciiannel  symmetric  with  the  first.  Using  the  four  ports,  this  de- 
vice can  serve  as  a terminal  that  sends  and  receives  information.  Its  tapoff 
ratio  is  adjustable,  its  off-state  isolation  is  high,  it  is  erid-firo  compat- 
ible with  a variety  of  fibers,  and  its  insertion  loss  is  "moderate"  (although 
not  as  low  as  passive  couplers).  Generally  speaking,  the  electro-optic  devi  - 
es  of  this  contrcjct  have  applications  in  addition  to  matrixing. 

The  0.8  cm  deflector  crosspoint  length  is  well  suited  for  fabricating 
integrated  .arrays  in  existing  crystals.  Design  changes  are  available  for  in- 
creasing the  optical  switching  ratio  of  the  deflection  crosspoint,  possibly 
into  the  JO  to  40  dB  range.  Among  the  means  for  crosstalk  reduction  are: 

1)  volume  absorbers  put  into  the  crystal  to  absorb  unguided  light,  but  not  to 
interfere  with  optical  signal  paths;  ?)  surface  absorbers  put  on  to  stop 
stray  light;  and  3)  electro-optic  spoiler  electrodes  added  to  the  crystal 
perimeter  to  deviate  undesired  light.  In-diffusion,  sputtering,  and  ion- 
implantation  can  be  used  to  make  the  absorbers. 

A two-fold  or  three-fold  reduction  in  crosspoint  length  is  possible  by 
shrinking  the  channel  width  in  that  proportion.  But  that  would  necessitate 
reducing  the  plate  thickness  to~25  ^ijn,  which  in  turn  would  require  a small - 
core,  quasi-single-mode  fiber. 


116 


■ji.'Ctiori  12 

KliCOMMhNUAriON:,  I'OH  TURTilH-i  /JURK 

fhe  doflection  crou'^poinl  is  useful  as  it  '.tands,  but  i -iproved  owitch- 
iiig  ratios  are  feasible  and  desiroable.  We  recommend  expei imeijts  with  inter- 
section angles  in  the  4 to  h°  range  and  channel  widths  in  the  8 to  10  mil 
range  to  find  optimum  performance. 

We  recommend  that  an  optical  matrix  switch  be  constructed  from  0[;ti- 
mized  deflection  crosspoints.  A 3 x 3 crossbar  array  of  these  s.vitches  (iii- 
cluding  connecting  waveguides)  could  be  monolithically  integrated  itito  a 3" x 
X '.b  mil  LiTaO^  substrate.  The  processir.g  techniques  to  do  thi  - are  al- 
ready in  hand  because  similar-size  devices  have  been  constructed  under  the 
present  contract. 

We  recommend  mating  the  matrix  to  commercial  multimode  fibers  (e.g. 
Corning,  step  index,  8b  urn  core,  0.14  NA)  with  a 2.b:l  ^^nell's  Law  ^ollima- 
tion  at  input  and  output  ends  of  the  crossbar.  Crystal  ends  would  be  cut  at 
44°  to  the  channel  axis  and  fibers  terminated  at  73°  for  oblique  butt  coup- 
ling to  the  matrix  (a  single  strand  being  used  for  each  information  channel). 

Further  elucidation  of  optical  crosstalk  sources  and  mechanisms  is 
needed.  For  example,  volume  and  surface  scattering  from  crystal  imperfec- 
tions has  been  discussed,  but  other  sources  may  have  been  overlooked,  such  as 
scattering  from  irregul irities  in  the  fringing-f ield  boundaries  of  the  elec- 
tro-optic channels. 

From  a device-manufacturing  standpoint,  it  would  be  worthwhile  to  uii- 
derstand  the  passive  waveguiding  effect  better  and  to  control  it  more  accur- 
ately. 

Practical  solid-state  materials  with  higher  electro-optic  coefficients 
would  allow  smaller  crosspoints  with  better  switching  performance,  i'.o.vevor, 
tni  is  a long-term  propositiori  as  the  history  of  electro-optic  ' rysral  d-  - 
'.'elopment  has  shown. 

Li  juid  cyrstal  mat.eri  ils  (primarily  nematics)  offer  a mear.'.'  for  getting 
better  multimode  crosspoir.ts  if  'billisecond  response  times  ar  accept. >ble. 
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which  may  be  the  ca-,e  in  message-switching  applicatioris.  The  electrically 
controlled  birefringence,  An  0.'^,  would  be  a boon  to  switching  if  scatter- 
ing losses  could  be  kept  beneath  1 dii/cm  with  stabilizing  electric  fields. 

By  reducing  the  dimensions  of  present  structures,  novel  devices  should 
result  in  the  realm  of  single-mode  switching  (or  of  switching  just  a few 
modes).  This  may  require  new  techniques  to  handle  the  thinner  cryst.ils. 
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Crosstalk  reduction  in  optical  switching 

R A Soref  and  L Schissler 

S|)frr\  Ki'Mniri'h  ('ftilrr,  Sinilnirv,  Massat  hust'IlM  ni  , i(> 
Hci'pivt'il  iU  May  lllT'i 

All  i)|)ln-al  swiulu's.  in  priuliin,  st-ml  Miint'  trailnai  iil 
iheir  inpul  liul'l  I'l  the  wrtai};  oiilpiil  ports.  This  opluiil 
t rosslalk  oi  iairs  Itccaiisp  tin-  siriirUiral  timi  opcriil tonal  pa- 
raim-lt-rs  ol  the  o|iliial  suitcli  itinnol  lit-  cont rolU'tl  with 
snUhii-nl  airuriiiv  or  ht-tinise  ol  si-nsilivity  to  i haiiMfs  in 
ainliit-nl  ronililions.  I’ln-  atleinpl  to  at  liit-vt-  low  crosstalk 
tnav  impose  const  riiint-'  on  the  switch's  const  met  ion  or  cn 
\ironincnt  that  cannot  rcaililv  he  met.  Therelore,  an  alter 
mile  \v;i\  ot  reiliu'inn  crosstalk  is  needed. 

This  Letter  presents  a lechnitpie  for  improving;  the  cross 
ltdk  properties  of  any  type  of  optical  switi  h.  The  tech 
niiiiie  pro|)osed  here  is  to  Iniild  a composite  optical  switch 
Irom  two  or  more  individual  switches  and  to  ahsorh  leakiijte 
liylil  hv  lerminatinj;  the  unused  ports  of  the  composite, 
rite  composite  is  functionally  equivalent  to  a sinule  switch 
hut  reduces  the  crossltilk  Geometrically  in  (troportion  to  the 
luimher  of  sint!le-switch  structures  useil.  Although  the  in- 
creased nuinlier  ol  elementary  switches  increases  the  sys 
tern  complexilv,  it  lines  reitresent  a means  lor  achievini; 
hieher  swilchini;  [terforinance.  It  also  may  reduce  over-all 
cost  liv  relaxine  manulaclurintt  tolerances.  The  com 
lioimiiint;  of  optical  switches  is  tinaloyous  to  a method 
lound  in  the  electrical  art  where  an  improveil  on/o(l  ratio 
in  rl  switchiiiG  has  heen  attained  with  a senes  shunt  or  se- 
nes shunt  sene' arranttemeni  ol  I ransislor^. 

■\n  important  a[iplication  ot  low  crosstalk  optical  switch- 
es IS  in  an  optical  matrix  whose  function  is  to  make  an  alt- 
er.ilile  mti  rconneci ion  of  -n  optical  Idlers  with  a second 


group  ol  m tillers.  .A  one  to  one  mapping  ol  inputs  onto 
outputs  is  generallv  desired.  For  this  lunclion.  an  m X ni 
arrax  ol  i-oinposite  low  crosstalk  tour  port  optnal  reversing 
switches  can  he  used  in  a crossiiar  geomeirx  where  ni  fiut  of 
III  crosspoints  are  actuated  (one  per  row  and  one  per  ml 
umn).  For  the  composite  crosspoint  switi  la-s.  one  can  iise 
a pair  of  elementary  lour  port  rexi-rsing  switi  lies 

The  two  stales  of  each  elementarv  optical  ~witch  .ire 
shown  symtiolically  in  Fig.  1.  The  optical  leakage  or  i-ross- 
lalk  is  denoted  liy  i„  in  state  A (the  oil  'lalei  and  < in 
stale  /i  (the  on-state).  In  the  .V  and  V input  chaniu-ls,  the 
optical  signal  strength  is  assumed  to  lie  iinitx.  though  the 
leakages  i„  and  </,  are,  by  definition,  much  less  than  unity. 
.At  each  output  port  of  the  switch,  the  signal  to  irosstalk 
ratio  (S/C  ratio)  is  (1  - i,,)/i„  in  the  oil  state  and  (1  - 
ii,)/ii,  in  the  on  stale. 

Figure  2 illustrates  syrnliolicallv  how  a low  crosstalk 
switch  is  created  liv  joining  two  elementarv  devices  with 
their  off-slate  leakages  in  cascade.  Figure  'J  shows  the  on 
and  off-states  of  the  composite  in  the  circuit  represenla- 


Kig.  I .Scheiiiiitu  iiindel  nl  (mir  iiori  opiu-.il  reversing  'wi’iti 
llmlll  si, lies).  Solid  lines  are  desired  sign.d  p.illis,  d I'hf-d  lines  ,i,. 
note  ( Tf  'ssl  .ilk  pat  tls 
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P’iu.  ;t.  l.uw  crosstalk  II  X 3 optical  matrix  switch  c«>mprised  of 
composite  optical  crosspoints. 

turn,  where  the  arrowed  lines  denote  light  paths,  the 
squares  are  optical  switches,  and  the  resistors  denote  non- 
retlecting  optical  terminations.  These  terminations  could 
be  portions  of  the  optical  waveguide  material  that  have 
been  doped  to  have  a strong  absorption  band  at  the  wave- 
lengths of  interest.  The  tandem  switch  has  the  property 
that  its  S/C  ratio  at  the  V'  output  port  is  1 1 - in  the 

off-state  and  (1  — ((,)"/(*  in  the  on-state.  It  is  clear  that 
the  Fig.  2 scheme  can  be  extended  to  more  than  two  switch- 
es per  composite  to  improve  performance  still  further. 

We  now  consider  the  matrix  signal  and  crosstalk  proper- 
ties of  the  Fig.  2 tandem  structure.  The  Fig.  2 composites 
are  connected  into  a crossbar  array  with  the  X channels  as 
matrix  rows  and  the  V channels  as  matrix  columns.  The 
matrix  inputs  and  outputs  are  A'  inputs  and  Y outputs,  re- 
spectively. The  A'  outputs  at  the  end  of  each  row  are  un- 
used, and  these  m ports  are  terminated  to  suppress  the  on- 
state  leakage  <6  This  aids  considerably  in  minimizing 
crosstalk  at  the  matrix  outputs.  Similarly,  the  m unused 
>'  inputs  at  the  beginning  of  each  column  are  terminated  to 
minimize  spurious  signals.  The  matrix  procedure  de- 
scribed here  is  illustrated  in  Fig.  3 for  the  example  of  m = 
X 

The  SC  ratio  varies  from  port  to  port  among  the  m out- 
put ports  of  the  matrix.  .Also,  the  ,S/C  ratio  depends  on 


which  set  o(  crosspoinis  has  been  addressed  We  have  ana 
lyzed  the  inalrix  S/C  ratio  and  have  delerniiiied  that  the 
lowest  S/('  values  are  lound  at  the  first  lolumn  output  of 
the  matrix  Kxamining  the  m addressing  po.ssibihties  tor 
this  column,  we  further  find  that  the  minimum  .S/C  ratio 
Iwhich  is  the  worst  case  S/C  ratio  lor  the  entire  tandemized 
m X m nialrix)  is  approxiniatelv  (1  - — lli,,^  In 

obtaining  this  result,  the  a|i|>roximations  i„  « 1 and  < is 
were  used. 

For  comparison,  consider  the  ,S/C  ratio  ol  a simple  m X 
m matrix  having  only  one  elementary  switch  per  cros- 
spoint. Hy  the  same  analytic  procedure,  we  find  that  the 
worst  case  S/C  ratio  of  the  conventional  ni  X m matrix  is 
approximately  ll  - <i,)/lm  - lt(„  Therefore,  the  tan 
demizing  technique  increases  the  S/C  ratio  by  the  large  lac 
tor  (1  — o, )/<u  Note  that  the  crosstalk  problem  is  severe 
in  the  simple  matrix  for  large  m (when  m is  comparable 
with  <o~').  Then  the  S/C  ratio  is  very  poor;  and  the  ma- 
trix will  be  unusable,  depending  in  detail  on  the  .sensitivity 
of  the  optical  detectors  and  the  power  of  the  optical 
sources.  Because  of  the  .S/C  enhancement,  our  composite 
switch  approach  makes  optical  matrixing  feasible  in  situa- 
tions where  it  otherwise  would  not  be  teasible. 

Low  crosstalk  optical  switches  can  be  realized  readily 
with  thin-film  integrated  optic  structures.  Several  elec- 
trooptic crosspoint  candidates,  such  as  mode  converters, 

Bragg  gratings,  and  directional  couplers,  have  been  com- 
pared in  a recent  report.'  Layout  drawings  are  given  for  a 
low  crosstalk  matrix  employing  electrically  controlled  opti- 
cal couplers  as  tandem  crosspoints,  and  a matrix  design  in-  ! 

eluding  pairs  of  switchable  gratings  is  also  presented,  ] 

To  summarize,  the  Fig.  3 matrix  design  provides  ap  j 

proximately  twice  the  -S/C  ratio  in  dB  of  the  conventional  ! 

design.  Or,  for  a prescribed  S/C  ratio,  the  manufacturing  , 

tolerances  on  individual  switches  are  looser  than  in  the  ' 

conventional  approach.  The  disadvantage  of  the  design  is  j 

that  it  requires  2m-  switches  rather  than  m~,  and  there  are  i 

m'^  waveguide  crossovers  in  the  matrix.  However,  the  light 

beams  can  pass  through  one  another  without  three-dimen-  i 

sional  crossovers  if  the  matrix  array  is  contained  in  a slab 
waveguide,  as  it  would  be  for  Bragg  diffraction  devices. 

This  work  was  supported  by  the  Rome  .Air  Development 
Center,  Contract  F30602-74  C-0168. 
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ERRATA 

ll  and  I2  are  reversed  in  left-hand  side  of  the  Fig.  3 hybrid  state,  and  the  4N^  entry  in 
Table  1 should  read  2N^, 


Properties  of  the  terminated  optical  crossbar 
matrix 

R.  A Soref 

.'^perrs'  Ki-search  t 'enler,  .^iidhi ir\ . Ma.ssarlnisflls  01  < Oi. 

Kci'fived  li  I ■Inly  1070. 

(Iplical  'witi'hiii"  iifiwork>  are  ci)m[iri-ed  nl  individual 
o[)lual  switches  connected  hv  optical  v^a\e^tuides,  I hese 
switchf's.  kfiown  as  .simple  crosspoints.  are  tour  port  elec- 
trooptic de'.  ices  that  operate  in  the  cross  stale  \ or  the  har 
state  1=;,  illustrated  in  Kif;.  1.  I'he  crosspoint  perniules.  or 
does  not  Pennine,  optical  signals  lielween  two  guides  as 
shown.  In  ^eiuTal.  optical  crosstalk  |s  present  in  hoth  svMich 
stales,  the  tractional  crosstalk  beiny’  denoted  liv  i , and  o. 
respectively,  in  J-’if;.  I 

I’revioiis  work  on  o|Hual  swnclniif!  networks  (optical  nia 
tricesi  has  been  concerm-d  with  the  permutation  network' 
w hi(  h has  .\  successive  si.iees  ca|>alile  ot  permutint;  .V  opt ical 
inputs  onto  .V  o|)tical  out|)Uls.  For  this  network  to  ^;ive  a lush 
sienal-lo-crossialk  ratio  at  each  ol  its  oul|uit  [lorts.  it  is  nec- 
essarv  that  the  individual  switches  have  low  crosstalk  in  hath 
slates,  that  is.  i , « I and  i.  « 1. 

W e rercntlv  reported  on  a terminated  crossbar  array  for  use 
with  compound  crosspoints.'  The  purpose  of  this  Tetter  is 
to  show  that  the  terminated  < rosshar  is  much  more  tolerant 
ot  incomplete  energy  transfer  in  individual  switches  than  is 
the  permutation  matrix.  ( )nlv  one  state  is  required  to  have 
hiith  i.solal Ion:  <„  « I 'I'he  other  state  is  allowed  to  have 

larfte  crosscouplini;,  for  example  0.1  < i . < 0.0.  'I'his  opens 
up  new  calei;ories  of  optical  cross|)oinls  lor  use  in  optical 
matrices.  However,  there  is  a Irade-olf  between  the  wider 
crosspoini  acceptance  of  the  crossbar  and  its  relatively  larye 
size  and  complexity 

I he  terminated  crossbar  is  shown  in  F'l;;.  2ial  for  the  ex 
ample  .V  = 1.  I’he  resistor  svmhols  denote  optical  absorbers 
or  terminations  at  the  ends  ol  the  row  and  column  waveguides. 
This  Is  a lull  crossbar  mat rix  with  elemenlarv  switches  at  all 
row  column  intersections  For  comparison,  we  show  in  Fit;. 
21 1)1  the  minimal  lorni  of  the  .V  X ,V  permutation  network  for 
the  same  example.  .V  = I.  This  network  does  not  have  any 
wavetjuide  crossintts  in  the  retpons  between  switches,  which 
IS  also  true  of  the  Fii;.  2lai  arrav. 

I'he  row  and  column  yuiides  in  I he  crossbar  are  oriented  at 


a small  aiiKle  to  one  another,  rather  than  at  im'’.  This  layout 
Is  used  for  two  rea.soiis.  First,  the  optical  crosspoints  are  hijihly 
elonttated  structures.  lOptical  switches  are  typically  in  to 
10'  wavelen^tths  lout;  and  less  than  lo  wavelent;ths  wide. I 
Second,  the  channels  that  intercoiinei  t the  cro.sspoints  are 
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relatively  short.  eur\e<i  guides  that  bend  gradually  to  minimize 
propagation  loss,  Hends  of  9t)°  would  lake  up  too  much  space 
because  the  matrix  area  is  limited  by  the  size  of  available 
electrooptic  crystals. 

The  a.symmetric  Fig.  2(a)  matrix  will  accommodate  an 
asymmetry  between  the  a and  b states  of  its  switches  in  the 
manner  shi>wn  in  Fig.  d.  The  cross  state  should  have  high 
isolation  to  maximize  S/C.  but  the  bar  state  can  be  a hybrid, 
half  bar  and  half-cross  with  tf,  ~ 0.,'i  because  unswitched  en- 
ergy in  the  h state  travels  to  a termination  and  is  absorbed. 
The  worst-case  signal-to-crosstalk  ratio'’  at  any  output  port 
of  the  terminated  matrix  is  (1  - ((,1(1  - «„)''~'/|l  — (1  — 
«,i  '1  Thus,  if  the  crosspoints  are  optical  power  dividers 

)~,')-dB  couplers)  in  state  h,  the  S/C  ratio  will  decrease  by 
dH  relative  to  tbe  ideal  case,  <h  = 0;  and  the  insertion  loss  will 
increase  by  ~3  dB.  7’hese  3-dB  changes  will  usually  be  ac- 
ceptable in  practice. 

We  have  examined  the  theoretical  limits  of  the  permutation 
and  terminated  crossbar  matrices.  Our  results  are  summa- 
rized in  Table  1,  which  shows  the  trade-offs  between  these  two 
approaches.  The  crossbar  array  has  the  advantage  of  per- 
mitting partial  coupling  in  one  switch  state;  but  it  requires 
approximately  twice  the  sub.slrate  length  of  the  permutation 
arrav.  more  than  twice  the  number  of  switches,  and  it  has  a 
larger  throughput  loss.  The  matrix  width  is  small  in  both 
cases. 

The  coupler  switches  can  l>e  implemented  in  multimode  and 
single  mode  versions.  Kxperiments  in  our  laboratory  have 
shown  that  it  is  possible  to  build  a multimode  optical  switch 
that  has  a rea.sonable  off-state  isolation  and  ,3-dB  power 
splitting  in  itson  state/^  Manufacturing  tolerances  are  fairly 
loose  because  the  switch  does  not  rely  on  mode  interference, 
and  the  switch  length  is  not  excessive.  The  multimode  switch 
length  is  given  atiproximately  b\  ' , = 2/)/H,  = />(2n/An)'  -, 
where  l>  is  the  diameter  of  the  ti..c  imode  optical  channels. 


Fig.  3.  I'sable  states  of  crosspoint  in  terminated  crossbar  matrix. 


0,.  is  the  critical  angle  for  internal  reflection  within  the  chan- 
nels. n is  the  channel  index,  and  An  is  the  voltage-controlled 
(field -induced)  index  perturbation  in  the  inlerchannel  region  ' 
V-  e find,  in  practice.  0..5  cm  < L,  < I.O  cm.  which  is  compa- 
rable with  the  result  obtained  in  single-mode  switching.  We 
have  designed  multimode  switches  for  t„  « 1 and  <s  « I,  but 
L.  is  about  0.,5  cm  longer  in  that  case. 
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Apperidix  C 

CROdGTALK  MODEL  FOR  CROJGOVHR 


The  signal  is  calculated  by  as  .uming  a uniform  input  intensity 
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for  0 -■  0. 


The  optical  input  power,  is  fixed.  Because  G^  may  be  larger  or 

smaller  than  G. , we  note  that  the  output  signal  intensity,  A , is  trur- 
1 ou  t 

Gated  at  the  minimal  angle,  9 
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the  smaller  of  9 and  G. 
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The  observed  signal  power,  S,  is  integrated  over  the  full  range  of  co 
lection  angles 
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Performing  the  integration  with  fin®  as  9,  we  obtain 
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P.  (9,.  / 0.  )■’  for  e 9 . 

1 in  ' Cl'  i'  0 ci 


(1) 


The  output  crosstalk  intensity,  0 . . is  comprised  of  two  terms:  ■ : 

OU  L 1 

gle-scatterir.g  term  proportioml  to  the  trapped  signal,  (0'),  reoriented 
the  intersection,  ar.d  a double-scattering  term,  B(-): 


= A(^)J(9')  + B(?) 


(.  ) 


•■.hero  0'  is  tlie  bounce  .uigle  measured  with  respect  to  the  crosschannel  a/i  , 
and  . 

\ O 

for  0'  < 0 


P.  /n9/ 
in  1 


Cl 
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for  9'  0 


Cl 


The  A and  B coefficients  decrease  rapidly  with  increasing  t aiid 


P > 2B  by  hypothesis. 


The  crosstalk  is  then  computed  by  integrating  the  crosstalk  intensity 
over  the  observation  range: 


2n  0 
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.'Jhich,  from  Eqs.  2 and  3,  gives  the  observed  crosstalk  C as  follows: 
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(4) 


Therefore,  the  observed  signal-to-crosstalk  ratio  of  the  passive  cross- 
over is  calculated  from  Eqs.  1 and  4 to  bo: 
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The  theoretical  signal -to-crossta Ik  ratio  (Eq.  b)  for  the  choice, 

A ■ 2.0  (iiB  0.'  / P.  ),  is  shown  in  Fig.  C-1 , on  the  same  scale  as  used  in 
Figures  13  through  16.  The  agreement  between  experiment  and  theory  is  only 
fair.  Agreement  is  fairly  good  for  the  4x  input,  but  poor  for  20x.  This 


comparison  implies  that  a more  sophisticated  modr>l  is  needed.  For  example, 
the  present  model  could  be  improved  by  assuming  a Gaussian  intensity  distribu- 
lion  at  the  input  rather  than  a square  one. 

Correlation  of  the  observed  4x  shape  with  theory  suggests  that  the  two- 
component  crosstalk  model  has  some  validity.  Equation  b shows  how  the  A-terrc 
dominates  in  the  limit,  0,  and  how  the  B-term  takes  over  when  0^  ^ 
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FIG.  C-1  Theoretical  S/C  ratios  of  multimode  intersecting  channels  versus 
observation  cone  angle. 
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